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ABSTRACT
Some of the most important topics in modern chemistry involve noncovalent
interactions in a variety of ways, from pharmacological processes to materials design.
Due to the comparatively weak nature of these interactions, they can be difficult to
investigate experimentally. Beyond what might be considered the ‘typical’ noncova-
lent interactions such as hydrogen bonding or London dispersion, there are less well
known noncovalent interactions such as coordinate covalent, dihydrogen, and non-
conventional hydrogen bonding, which have been the focus of much of this research.
Through the use of electronic structure theory, fundamental information about the
structure, energetics, and molecular properties of noncovalently bound complexes can
be determined with surprising accuracy with the thoughtful application of a num-
ber of computational techniques. For the smaller complexes, ab initio methods such
as second-order Møller-Plesset perturbation theory (MP2) or coupled cluster with
singles, doubles, and a perturbative treatment of connected triples [CCSD(T)] were
used to investigate the intrinsic energetics and vibrational signatures. Complexes
with a large number of atoms were studied using density functional theory (DFT)
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Noncovalent interactions have an undeniable impact on the world around
us. These interactions affect everything from cloud formation to biochemical re-
actions and have been widely studied using both experimental and computational
approaches.3–18 With strengths ranging from more than ten to less than one kcal
mol−1, noncovalent interactions are incredibly versatile and allow for the formation
of different types of molecular systems in a variety of mediums.16–21 Beyond what
might be considered ‘typical’ noncovalent interactions such as hydrogen bonding and
London dispersion forces, there are a multitude of unusual intermolecular bonding
phenomena that are also prevalent in many different areas of chemistry. Some of
these interactions take the form of coordinate covalent (or dative) bonding, dihydro-
gen bonds, or nonconventional (or weak) hydrogen bonds.
One of the issues in studying noncovalent interactions, both experimentally
and computationally, comes from the ephemeral nature of these bonds and their
sometimes very weak nature.19,20 Computationally, these interactions are not eas-
ily described by the most common electronic structure theory techniques as they
arise outside of familiar atomic orbital/molecular orbital schema. As the name sug-
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gests, the core of electronic structure theory is the description of how electrons be-
have.16,22,23 The majority of noncovalent interactions do not involve anything as
straightforward as a typical covalent bond, it becomes readily apparent that inter-
molecular interactions are an exciting challenge for many scientists.
1.2 Electronic Structure Theory
As previously discussed, electronic structure theory is the study of the elec-
tronic nature of atoms and molecules, which implies some way to describe the
quantum-mechanical behavior of electrons and nuclei. These methods try to consider
every electron (and some degree of electron excitations) in an atom or molecule which
often comes with a steep computational demand.24,25 This steep scaling (O(N i),
where i changes based on the particular method) associated with different electronic
structure methods, for example CCSD(T) scales as N7, where i is 7 and N depends
on the number of occupied or virtual numbers. This limits computational investiga-
tions to smaller complexes (typically less than ca. 150 atoms overall) although the
application of different approximations (such as density fitting) or mixed technique
(like quantum-mechanics/molecular modeling) has increased the upper reaches of
both system size and accuracy.26
There are several different approaches to computational chemistry and some
of the most basic are the orbital wavefunction based ab initio methods and density
functional theory. Ab initio methods are derived purely from quantum-mechanical
principles and include such methods as Hartree-Fock27–29 (HF), second-order Møller-
Plesset perturbation theory30 (MP2), or coupled-cluster with singles, doubles and
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connected perturbative triples substitutions31,32 (CCSD(T)). Density functional the-
ory (DFT) tries to describe a system of atoms or molecules based on the electron den-
sity which has led to the creation of many different functionals such as B3LYP33,34 or
M06-2X35. Each of these approaches has their own strengths and weaknesses, which
will be discussed in greater depth later.
ĤΨ = EΨ (1.1)
Electronic structure theory is based on finding a solution to the nonrela-
tivistic, time-independent Schrödinger equation (Equation 1.1), which contains the
wavefunction (Ψ), the Hamiltonian operator (Ĥ), and the solution to the electronic
Schrödinger equation (E).36 Ψ is an eigenfunction that theoretically contains all
possible information about an atom or molecule and can take the form of either
atomic/molecular orbitals or electron density orbitals depending on the type of elec-
tronic structure computation. Ĥ is a mathematical operator (Equation 1.2) which
describes the interactions between electrons and nuclei based on their relative posi-
tions.24,37 These interactions are separated into potential and kinetic energy, V̂ and
T̂ , respectively. The potential energy is further separated into three parts, the repul-
sive force between nuclei or V̂NN , the repulsive force between electrons or V̂ee, and
the attractive Coulombic force between nuclei and electrons denoted as V̂eN . Then
there is the kinetic energy of the nuclei, T̂N , and that of the electrons, T̂e. All of the
above terms are expressed in their general mathematical form in Equation 1.3.
Ĥ = V̂ee + V̂NN + V̂eN + T̂e + T̂N (1.2)
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Solutions to the Schrödinger equation are the electronic energy of a system
(atoms or molecules). However, the energy is dependent on the geometry and elec-
tronic state of the system in question and therefore Equation 1.1 also contains in-
formation about the geometrical and electronic structure of the system, which is
useful in the prediction of physical properties such as the vibrational spectra or ion-
ization potential.36,37 Several issues immediately emerge when trying to solve the
Schrödinger equation for any system with more than one electron: the many-body
terms of the Hamiltonian and the construction of an appropriate and useful wave-


































Despite the evolution computational chemistry has undergone since its in-
troduction in the early 20th century, all electronic structure methods begin with
applying the Hamiltonian operator to solve the Schrödinger equation. Ĥ can only be
straightforwardly applied to complexes with a single electron as it avoids the problem
of a multi-reference system, i.e. the position of the nuclei affect the position of other
nuclei as well as as that of the electrons and same thing occurs for electrons.24,37,38
In order to use Ĥ on a many-electron system, the Born-Oppenheimer approximation
is invoked.39
Born and Oppenheimer noted that the majority of the energy of a molecular
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system originates from the motion of electrons orbiting the nucleus and were able to
mathematically derive a simplified version of the Hamiltonian operator.39 The basis
for this approximation relies on the fact that the mass of a proton is roughly 2000
times that of an electron. Due to this large difference in mass, electrons are unsur-
prisingly moving much faster than the nuclei that they orbit. The Born-Oppenheimer
approximation takes advantage of these facts to reduce two terms in the Hamilto-
nian operator, T̂N and V̂NN . The kinetic energy of the nuclei is essentially zero when
compared that of the electrons, so T̂N is set to 0. Moreover, the nuclei are now
considered ‘fixed’ in space so the potential energy between them is constant. The
modified Born-Oppenheimer Hamiltonian is shown in Equation 1.4.37,38
Ĥ = V̂ee + constant+ V̂eN + T̂e + 0 (1.4)
At this point, the only remaining terms in Ĥ are the kinetic energy of the
electrons, the repulsive potential energy between electrons, the attractive potential
energy between electrons and nuclei, and the constant potential energy between
nuclei. This allows for the explicit treatment of electrons and the nuclei are only
treated based on their fixed coordinates. Now, this much simplified version of the
Hamiltonian operator is used to obtain information about the electronic, vibrational,
rotational, and translational properties of a many-electron system.37,39
1.2.2 Hartree-Fock Theory
Although our understanding of the nature of subatomic particles as both
particles and waves is an essential part of modern physical chemistry, the basis of
5
many computational chemistry method involves the Hartree-Fock (HF) approxima-
tion which is built on the same foundation as linear combinations of atomic orbitals
to create molecular orbitals40 (LCAO-MO) theory. In LCAO-MO theory, molecular
orbitals are constructed based on the overlap of atomic (s, p, d, f, etc.) orbitals. In
the same way quantum-mechanical wavefunction theory uses one-electron orbitals
that resemble atomic orbitals to build a molecular wavefunction.24,37 One-electron
orbital functions (shown in Equation 1.5) are comprised of a spatial and spin part,
ψ and α/β, respectively, and are referred to as ‘spin orbitals’. ψ is a function of
the coordinates of the electron and resembles an s atomic orbital. The spin function







The product of many one-electron spin orbitals is a molecular orbital like that
seen in Equation 1.6. This is a wavefunction which is antisymmetric to the exchange
of any two electrons with the same spatial or spin coordinate.37 These wavefunctions
are considered uncorrelated due to the fact the motion of two electrons with opposite
spins are not related. Now the wavefunction has a shape that resembles a molecular
orbital, obeys all of the basic principles of quantum mechanics, and is comprised of
a specific set of functions that HF equations can be solved for.24,37
Ψ0 = χiχj · · ·χn (1.6)
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The Hartree-Fock approximation often is referred to as the self-consistent
field (or SCF) method based on its iterative nature towards self-consistency. This
approximation uses the so-called Fock operator in place of the Hamiltonian to reduce
the idea of explicit electrons in orbitals to a mean field of electron density.27,28 The
Fock operator shown in Equation 1.7 is composed of the kinetic energy of the electrons
and attractive force between the nuclei and electrons (ĥ), the Coulomb operator (Ĵ),
and the exchange operator (K̂).24,37 For any electron in the system of n electrons,
one electron is affected by a field created by the n− 1 surrounding electrons through
the application of Ĵ . This procedure is repeated for every electron in the system until
the orbitals stop changing and self-consistency is reached. From this procedure, a
set of optimized orbitals describing the atomic or molecular system is obtained. It
is important to note however, that like in LCAO-MO theory, electrons are placed
in the lowest energy orbitals first and these orbitals are considered ‘occupied’ while
some orbitals are empty and considered ‘unoccupied’ or ‘virtual’. With HF theory,
only the occupied orbitals are optimized.37,38 HF theory, then, must result in a HF
energy and a set of HF orbitals, and the HF orbitals are used as a starting point for
other, more rigorous ab initio methods.







The spin orbitals discussed above in Equation 1.5 describe one general case
of a closed-shell system where all orbitals are occupied by two electrons, i.e. all
electrons are paired and the multiplicity is one, and the HF orbitals are referred to
as closed-shell orbitals. However not all molecular systems are closed-shell, such as
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the ground electronic state of O2 or the methylium cation. In such instances when not
all electrons are paired, the wavefunction must be modified or unrestricted (UHF). In
the RHF wavefunction, electrons that occupy the same orbital have the same spatial
function and opposite spin functions. To create an unrestricted wavefunction, the
electrons in the same orbitals have different spatial and spin functions, shown in
Equation 1.8.24,37,38 The UHF wavefunction incorporates the repulsion effects of these
unpaired electrons on orbitals of the same spin at the cost of increased computational
demand. In a more technical sense, the wavefunction is not an eigenfunction of the
total spin operator anymore. The UHF solutions to the Schrödinger equation are
generally lower in energy than their RHF counterparts due to the relaxation of spin
symmetry in the spatial orbitals.24 A subsequent attempt to reduce the demands of
UHF and return the spin attributes of RHF yielded the restricted open-shell reference
(ROHF) which only treats open-shell orbitals in a UHF-like manner by separating










HF scales formally as O(N4) but practically as O(N2) and is the backbone
of all other ab initio methods.43 The energy computed using the HF method is
variational and size-extensive.24,37 For the energy to be variational guarantees that
the HF energy will always be an upper bound the exact, ‘true’ ground state energy
of a system and therefore will never overestimate the energetic stability of an atom
or molecule. The size-extensive property implies that the cost of a computation
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of n×[atom] is the same as [atomn]. Although the energy computed using the HF
method constitutes the majority of the energy of a system, there is no correlation
between the motion of electrons of opposite spin due to the approximation which
reduces the surrounding electrons to an average field.
1.2.3 Post-Hartee-Fock Theory
Despite the relative success of HF theory, the glaring problem of accounting
for electron correlation between electrons of opposite spin remains. Increasing the
amount of electron correlation in a system is vital as noncovalent interactions are not
well-described by HF. Post-HF methods use different approaches to incorporate more
electron correlation. Electron correlation is recovered by including electron excita-
tions (sometimes called ‘substitutions’). In the ‘real’ world, electrons can be excited
to higher orbitals via the introduction of energy into a system.44 In computational
chemistry, electrons can be ‘excited’ to valence orbitals using different mathematical
techniques like the fluctuation potential as in Møller-Plesset perturbation theory or
creation/annihilation operators as in coupled-cluster theory.24,30–32
In HF theory, the ground state determinant, |ψ0〉, is created from the occu-
pation of the lowest energy spin orbitals.37 To achieve some measure of electronic
excitations, HF introduces single excitations with the application of f̂ normally in-
dicated by |ψba〉, that is the excitations of an electron a into an unoccupied orbital
b. The resulting singly excited determinant has the unique property of not inter-
acting with the ground state determinant and thus greatly reduces the off-diagonal
elements of the density matrix created by the application of the Fock operator to a
matrix of spin orbitals, χi.
24,37 This property is known as Brillouin’s theorem and is
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mathematically expressed as 〈ψ0|Ĥ|ψba〉.37
Ĥ = Ĥ0 + λΦ̂ (1.9)
In perturbation theory, complex problems are divided into a large term that
has a known solution (and is hopefully easy to compute) and a small term that an
exact solution is not known for (and is subsequently more difficult to handle) as shown
in Equation 1.9.45 The latter is referred to as the ‘perturbation’ and the former on its
own is usually considered the zeroth-order solution the perturbative method. Møller-
Plesset perturbation theory (MPn, where n is the order of the perturbation) uses
the Fock operator as its zeroth-order solution and the perturbation is a fluctuation
potential (Equation 1.10). Φ̂ distorts the mean field generated using f̂ to improve
the initial guess provided by HF.24,30
Φ̂ = Ĥ − f̂ − ĥnuc (1.10)
The most common form of Møller-Plesset perturbation theory is MP2. This
second order perturbation includes single excitations from the zeroth-order pertur-
bation (f̂), double excitations from the first-order perturbation (MP1), triple excita-
tions from the combination of the singly and doubly excited determinants, and some
disconnected quadruple excitations from the combined MP1 double excitations.24
From Brillouin’s theorem, excitations that are more than than two orders of magni-
tude apart cannot couple so excitations beyond 4th-order are not possible with MP2.
MP2 scales as O(N5) and unlike HF, it is a non-iterative procedure.43
10
In coupled-cluster theory, excitations occur through the use of the excitation
operator shown in Equation 1.11, which is a Taylor series that can be expanded
until the full configuration interaction (FCI) limit is reached. The FCI limit occurs
when all possible excitations of all electrons (N) have been incorporated into the
wavefunction.24,31,32 A closer look at the terms of T̂ reveals individual terms T̂n
such that n is the order of the excitation, e.g. T̂1 contains only single excitations.
Increasing n recovers more electron correlation as more excitations are considered.




























The MPn excitations were incorporated into the Hamiltonian through the
fluctuation operator in a non-iterative procedure which distorted the original HF or-
bitals. Another way to picture the excitation of an electron is through annihilation
and creation operators, aa and a
†
b, respectively. Equation 1.12 denotes the ‘annihila-
tion’ of an electron in orbital a which is then ‘created’ in orbital b and results in a
single excitation. Equation 1.13 shows the T̂2 operator that allows for the excitation
of two electrons at the same time. The order of coupled-cluster method depends on
the terms in the excitation operator, T̂ . If T̂ ≈ T̂1, then the coupled-cluster sin-
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gles (CCS) model is invoked and only single excitations are considered. For strictly
double excitations, coupled-cluster doubles (CCD) has an excitation operator that
is T̂ ≈ T̂2. As with MP2, the order of the excitation is not limited to the order
of the coupled-cluster expansion, i.e. coupled-cluster singles and doubles (CCSD)
can include up to triple excitations and T̂ ≈ T̂1 + T̂2.24,31 The excitation operator is
applied to wavefunction as an exponential ansatz, eT̂ |ψ〉.
CCSD(T) is considered the ‘gold standard’ of computational chemistry, con-
taining all single and double excitations as well as the corrected triples excitations
from the connected CCSD amplitudes.24 The CCSD(T) method has been shown to
give energies, structures, and vibrational frequencies that are within spectroscopic
accuracy (10 cm−1) and 1% of CCSDT(Q) results.1,46 Generally, coupled-cluster
methods scale anywhere from O(N5−N8) with CCSD and CCSDT scaling as O(N6)
and O(N8), respectively.43 The perturbative nature of the triples correction allows
CCSD(T) to scale as O(N7) instead of the O(N8) with nearly identical results.47 Due
the more feasible scaling, high accuracy, and well understood convergence CCSD(T)
is often used as the standard against which all other methods are compared.
1.2.4 Density Functional Theory
Unlike typical wavefunction based methods like MP2 or CCSD(T) which are
based on combinations of atomic orbitals to create molecular orbitals, DFT is based
on a physical observable, the electron density or ρ.48 The use of a physical observable
has several advantages, like the obvious ability to include and compare with exper-
imental data to ensure the basic description of an atom or molecule is correct or
the reduced computational demand of having a functional that depends only on the
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coordinates of the electrons, ρ(x,y,z).48,49 However despite these two facts, the mete-
oric rise of DFT as one of the most common computational chemistry techniques did
not truly begin until the Kohn-Sham orbitals were developed.48,49 Since then DFT
has been widely used, adapted and parameterized for systems from a formaldehyde
monomer to supramolecular complexes like carbon nanotubes, leading to the creation
of dozens of different density functionals.14,23,26,35,48–54
The electron density lends itself very well to the consideration of potential
energy using a classical approach for the attractive interaction between the electron
density and the nuclei and the repulsion between electrons. Unfortunately, the kinetic
energy is not so straightforward, requiring the use of fermion statistical mechanics
which does not include an initial guess for the wavefunction and is not variational.49
This early approximation was not considered very useful or accurate for chemists
trying to study molecular and atomic interactions. It wasn’t until almost four decades
later that DFT was revitalized through the introduction of the Hohenberg-Kohn
theorem and Kohn-Sham orbitals.48
The first part of the Hohenberg-Kohn theorem proved the existence of a solu-
tion to the potential energy of a system using the electron density but gave no exact
quantitative way to obtain the solution. Secondly and arguably of more importance,
the energy from electron density is variational in nature.48,49 This provides a foun-
dation for the improvement of the electron density orbitals (not unlike that of the
HF orbitals) with the guarantee that the computed energy of the molecular system
will not be lower than the ‘true’ energy.24,49
At this point, it is apparent that the electron density is used to create a
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three dimensional picture of the molecular system that can be turned into molecular
orbitals which form a wavefunction in a very similar manner to HF theory but the
formation of these orbitals has not been discussed. The Kohn-Sham approach to
electron density orbitals greatly reduced the cost of the computation of the initial
wavefunction and subsequent optimization of the orbitals and increasing the accuracy
of the initial guess by demonstrating that the electron density of a system can be
represented by a combination of non-interacting electrons.14,23,48 The Hamiltonian
operator is subsequently reduced in complexity to a one electron operator.49 The
energy of the system shown in Equation 1.14 can then be divided into two parts, the
classic terms (T̂non, V̂Ne, and V̂ee) and the corrections to these terms that account for
the quantum-mechanical nature of electrons (∆T and ∆Vee).
48,49 These corrections
are referred to as the exchange-correlation energy, which has no known exact solution,
and many different approximate functionals have been used to create different density
functional methods.
E(ρ(x,y, z)) = T̂non + V̂Ne + V̂ee + ∆T + ∆Vee (1.14)
Although the basis of every DFT method is the same (i.e. using the local-
ized electron density of a molecular complex to construct an initial wavefunction
built as a system of non-interacting electrons to solve the Schrödinger equation), a
variety of approximations for the exchange-correlation energy have arisen by using
experimental or more accurate computational data for a set of molecules to create
an exchange-correlation functional.48,49,55,56 For this reason, DFT relies heavily on
the parameterization built into each different functional and is therefore not sys-
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tematically improvable.52,56–58 Another difficulty with DFT is that without a priori
knowledge that a particular density functional method was designed for the system
of interest and has been shown to have good agreement with more sophisticated
ab initio methods or experimental results, there is no certainty a particular func-
tional will provide an accurate description.14,23,26,35,49,52–54 The majority of DFT
methods scale as O(N3), far less computationally demanding than the MP2 and
CCSD(T) methods, and have been shown to provide answers that are qualitatively
(and sometimes quantitatively) as accurate as these ab initio methods when properly
applied.26,55,56
1.2.5 Potential Energy Surface
In previous sections, the main focus has been detailing how to obtain accu-
rate energies using computational chemistry methods with little mention of how the
information provided by these methods is useful. Computational chemists often refer
to the potential energy surface of a molecule or complex, a many dimensional space
that relates the internal coordinates and energy of a system for a particular method
(like HF, MP2, etc.) and basis set. The energy of a molecule or complex depends on
the degrees of freedom within the system, 3N−6 (or 3N−5 for linear systems) where
N is the number of atoms. These degrees of freedom correspond to the number of
internal coordinates needed to completely describe a system in space.24,37,49 For a
simple diatomic molecule there is only one degree of freedom, the distance between
atoms A and B shown in Fig. 1.1. For a polyatomic molecule like water (H1OH2),
there are three internal coordinates which determine the total energy: the OH1 bond
length, the OH2 bond length, and the H1OH2 bond angle. Taking symmetry into
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account, the OH1 and OH2 bond lengths are the same but the degrees of freedom do
not change.
Figure 1.1. Potential energy surface of a diatomic molecule.
The lowest point of the potential energy surface is the global minimum and
corresponds to the equilibrium or minimized geometry (R0 in Fig. 1.1) of a system
at a particular level of theory. For larger systems with more than two atoms, there
can be more than one minimum on the potential energy surface.49 Dissociation (A
+ B in Fig. 1.1) occurs when the fragments of system, either atoms or molecules,
are separated by an infinite distance and are no longer interacting. The electronic
dissociation energy of a system refers to the energy difference between the system at
its equilibrium geometry and the completely dissociated fragments. As the geometry
of a system changes, so do the molecular orbitals and the total energy.24,37,49
Fig. 1.2 shows the difference between harmonic (shown in blue) and anhar-
monic (shown in gold) potential energy surfaces.59 It is immediately apparent that
the anharmonic curve more closely describes what is known to happen in nature,
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Figure 1.2. Harmonic and anharmonic potential energy surfaces.
that atoms and molecules can dissociate and that the vibrational energy levels of
an atom or molecule become closer together as the total energy increases. In the
harmonic approximation, there is no dissociation of atoms or molecules and the vi-
brational energy levels are quantitized. However, all potential energy surfaces are
harmonic in nature unless anharmonic corrections are included at great computa-
tional demand.59–62 Despite the differences the harmonic approximation is a very
accurate for many systems near at the equilibrium geometry and at the first vibra-
tional state, as shown in Fig. 1.2 where the harmonic and anharmonic curves are
nearly identical at the bottom of the potential energy surface.
1.3 Noncovalent Interactions
Noncovalent interactions have a crucial role in many important chemical pro-
cesses, from the stacking of DNA nucleobases to the self-assembly of polymers. The
strength of noncovalent interactions can span from 1 to 10 kcal mol−1 in most cases.
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These interactions have been seen in many different environments, from gases to
solids and extreme temperatures and pressures. There are several different types of
noncovalent interactions: electrostatic, dispersion, induction, and exchange, which
can be further narrowed down into dipole-dipole, ionic, π-π, and so on interac-
tions.22,26 Hydrogen bonding and dispersion forces might be some of the most well
known and studied examples.22 From these very general categories, more special-
ized and unexpected noncovalent interactions have been discovered, such as sulfur-
containing hydrogen bonds, dative bonds, and dihydrogen bonding.26
Hydrogen bonds (X-H· · ·Y, where X and Y are typically O or N) can be found
nearly everywhere in nature and have a huge impact on molecular assembly and two of
the most common examples of this are the stacking of DNA base pairs and the phases
of water.14,17,22,63 Through careful study both computationally and experimentally,
‘typical’ hydrogen bonds have been observed to be pseudo-linear (the intermolecular
X-H· · ·Y bond), have a elongated donor bond length (X-H), and a corresponding
appreciable shift in the X-H vibrational frequency upon complexation.22 Hydrogen
bonds involving a hydroxyl group have been widely studied from the smallest H2O
dimer to tertiary conformations of proteins.1,17,22,64–69
In past few decades, the idea of a hydrogen bond has been expanded beyond
the typical O-H· · ·O, O-H· · ·N, N-H· · ·O, and N-H· · ·N schema to include elements
like P and S, despite their weaker electronegativities. Unlike N and O which have
electronegativities of 3.04 and 3.44, the electronegativities of these third row ele-
ments do not exceed 2.6. Evidence of X-H· · ·Y interactions (where X,Y = P,S) has
been observed, particularly in biochemical and materials processes, leading a new
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flavor of hydrogen bonding called ‘non-conventional’ or sulfur-containing hydrogen
bonds.70–86 A step beyond the prototypical H2O dimer, the analogous H2S dimer
(shown in Fig. 1.3) has been studied far less extensively and is one of the most basic
examples of a sulfur-containing hydrogen bond along with the H2O/H2S dimers. A
thorough investigation of these complexes can give some insight into the similarities
of differences between these isovalent complexes.
Figure 1.3. ‘Typical’ hydrogen bond in (H2O)2 and a ‘weak’ hydrogen bond in (H2S)2.
London dispersion forces (more commonly: dispersion forces) arise from the
momentary dipoles created by the interactions of two or more fragments. Dispersion
interactions are some of the weakest noncovalent interactions individually and one
of the most difficult to describe despite their ubiquitous presence in many different
types of chemistry.22,24,26 On an individual level, the dispersion attraction between
two fragments is typically very small (< 2 kcal mol−1).22 One of the characteristics of
complexes that are solely dispersion-bound, like H2O · · ·O2, is an extremely shallow
potential energy surface that requires a significant amount of electron correlation to
properly characterize because changes in geometry have a minute effect on the total
energy.22,87
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Weakly-bound van der Waals systems such as H2O · · ·O2 and H2O · · ·N2 have
garnered interest in atmospheric chemistry due to their potential impact on the
global radiation budget.88–96 While ultraviolet light is absorbed by O2 and O3 in
the stratosphere and infrared (IR) light is absorbed by gases in the troposphere, the
majority of visible light from the Sun reaches the Earth. This radiation is primarily
absorbed by bodies of water on the surface, and the rest is reflected back into the
atmosphere in the far infrared region. The far IR radiation emitted by the Earth is
then absorbed by gases in the atmosphere. These gases are referred to as greenhouse
gases (GHG) and have a net warming affect on the atmosphere.97 How and how much
the presence of abundant gases like N2 and O2 and their interaction with water effects
the atmosphere is widely unknown.89–91
Figure 1.4. Coordinate covalent bond between BH3 and NH3
Another kind of unusual hydrogen bond interaction is the dihydrogen bond
that arises between the hydridic hydrogen attached to B (BHδ−, shown in Fig. 1.4)
and the protonic hydrogen attached to the N (NHδ+, shown in Fig. 1.4) of an ad-
jacent molecule in BH3NH3 clusters.
98,99 These hydridic H atoms are a result of
the coordinate covalent, often called dative, bond between B and N. The dative
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bond is an strong intramolecular bond that arises from N donating electrons into
the empty p-orbital on B. As a result of the transfer of electrons to B, N draws
more electron density from its H atoms. B now has an excess amount of electron
density which is pushed towards the attached H atoms, forming hydridic hydrogens
(Hδ−). Umeyama and Morokuma estimated the strength of the BN coordinate cova-
lent bond to be nearly 45 kcal mol−1 with SCF/4-31G, due largely to electrostatic
interactions100. Other studies using MP2 with a larger basis set have suggested the
dissociation energy is closer to 35 kcal mol−1 and that BH3NH3 is stabilized by charge
transfer101,102.
Ammonia borane has been widely studied as a potential hydrogen storage
device due to its high H content in addition to its unusual intra- and inter-molecular
interactions.103 Ammonia borane has been shown to exhibit different physical proper-
ties (particularly the BN bond length and stretching frequency) at different pressures,
temperatures, and phases. The effects of different sizes and orientations of ammo-
nia clusters and crystal models has not been explicitly characterized and a rigorous
investigation of such could provide valuable insight into these properties.
The underlying focus of these projects are the unusual intermolecular in-
teractions that govern how these systems behave. All of the noncovalently bound
complexes discussed above will be investigated computationally. Applying electronic
structure theory methods to some of the most fundamental interactions in chemistry
will allow for a greater depth of understanding and hopefully contribute meaningful
information that can help guide future computational and experimental studies.
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CHAPTER 2
Anchoring the H2O · · ·O2 potential energy surface
All of the computations on H2O · · ·O2 were performed by Katelyn M. Dreux. Thomas
L. Ellington performed all computations on H2O · · ·N2.
2.1 Introduction
Earth’s atmosphere is comprised of 78% N2, 21% O2, and less than 1% of
other gases, under completely dry conditions.104 The amount of water vapor in the
atmosphere is variable at any given time, but typical values range from 1-4% de-
pending on temperature and altitude. Given the high abundances of N2, O2 and
H2O, along with water’s propensity to form non-covalent complexes, the chemistry
of van der Waals complexes plays an important role in the troposphere. The (H2O)2
dimer is a strong absorber of near infrared (IR) radiation, particularly in the OH
stretching region.105,106 H2O · · ·O2 and H2O · · ·N2 have been evaluated as enhanced
absorbers of IR radiation in the far-IR region, which includes the low-energy inter-
molecular modes of both complexes and is distinctly separate from the near-IR region
where H2O is known to absorb.
89,91,107,108 Upon complexation, new intermolecular
vibrational modes are formed between the fragments that could have appreciable IR
activity. In addition, the monomer vibrations can be perturbed in the complex, lead-
ing to enhanced IR activity. Although absorption and emission of electromagnetic
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radiation can be characterized in various ways this study focuses on IR intensities as
a measure of radiative transfer. An indication of greenhouse effects from these van
der Waals complexes could be evidenced by an increase in the IR intensity of the
vibrational mode of the fragments and/or large IR intensity for any newly-formed in-
termolecular modes of the complex.89 Large frequency shifts or IR intensity changes
after dimerization could also be helpful for directly detecting a particular complex
in the atmosphere or laboratory.91
A number of prior studies of the H2O · · ·O2 dimer have utilized Møller-Plesset
perturbation theory to characterize stationary points on the potential energy sur-
face.89,92–95,109,110 The most extensive ab initio investigation of the potential energy
surface examined twelve different structures of the H2O · · ·O2 dimer at the MP2/aug-
cc-pVTZ level of theory.109 In some cases, quadratic configuration interaction or
coupled-cluster single point energy computations (e.g. QCISD and CCSD) were also
performed to recover more dynamical electron correlation which slightly reduced the
dissociation energy of global minimum.88,90,91,96,107,111–116 Several studies also consid-
ered the multireference nature of O2, which has a
3Σ−g ground state. However, the
results from multi-reference computations were consistent with those from single-
reference MP2 calculations.93,109,116
The global minimum identified by these studies (structure I, shown in Fig.
2.1) is a Cs structure with a
3A′′ electronic state and an electronic dissociation energy
well below 1 kcal mol−1. Most correlated wavefunction based methods with basis
sets of at least triple-zeta quality yield dissociation energies for the global minimum
of just over 0.7 kcal mol−1.91,109 There is, however, significant variation in some
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intermolecular geometrical parameters of the optimized structures. The OH· · ·O
and OO· · ·H angles (denoted α and β, respectively, in Fig. 2.1) exhibit variations
of more than 20 degrees because the potential energy surface of H2O · · ·O2 is very
shallow.93,107,116 Eleven other stationary points with Cs or C2v symmetry (structures
II-XII, Fig. 2.1) have also been identified that are within 0.5 kcal mol−1 of the global
minimum.
In this work, coupled-cluster theory (specifically the CCSD(T) method) is
used to characterize these twelve stationary points on the potential energy surface
of the H2O · · ·O2 dimer (Fig. 2.1), six C2v structures and six Cs structures (in-
cluding the global minimum). Dissociation energies, geometrical parameters and
harmonic vibrational frequencies of both the fragments and complex are compared
to those from second-order Møller-Plesset perturbation theory. Frequency shifts and
IR intensity changes are used to monitor changes in the spectroscopic fingerprints
of each monomer species upon complexation. The IR intensities of the low-energy
intermolecular vibrational frequencies (< 150 cm−1) are also examined to discern
the potential of the H2O · · ·O2 complex to play a role as an enhanced absorber in
the atmosphere. Our group performed a similar analysis of six key stationary points
on the potential energy surface of H2O · · ·N2.108 As such, this paper also provides a
direct comparison of these two important complexes, H2O · · ·O2 and H2O · · ·N2.
2.2 Computational Methods
Full geometry optimizations and harmonic vibrational frequency computa-
tions were performed for each dimer structure and the isolated fragments with second
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order Møller-Plesset perturbation theory30 and coupled-cluster method with single,
double, and perturbative triple substitutions32 using a spin unrestricted Hartree-
Fock (UHF) reference wavefunction for all open-shell species (O2 and H2O · · ·O2)
and a spin restricted Hartee-Fock (RHF) reference for the closed-shell systems (H2O).
These computations were performed with the analytic gradients and Hessians avail-
able in CFOUR117, and the corresponding results are labeled as UMP2 and UCCSD(T).
All energies, optimized structures and harmonic vibrational frequencies were com-
puted with the correlation consistent family of basis sets in which diffuse functions
were added to the “heavy” (non-hydrogen) atoms (i.e. cc-pVXZ for H and aug-cc-
pVXZ for O where X = T, Q, and 5). These basis sets are denoted haXZ through-
out the remainder of this manuscript. In addition, a series of single point MP2
and CCSD(T) energies were computed that employed a spin restricted Hartree-Fock
(ROHF) reference for the open shell systems, (i.e. ROMP2 and ROCCSD(T)). Ex-
plicitly correlated F12 single point energies were also computed with the ha5Z basis
set and associated default density fitting basis sets in the Molpro2010118 program to
estimate the complete basis set (CBS) limit. Partially spin-restricted explicitly cor-
related coupled-cluster computations (denoted ROCCSD(T)-F12) employ an ROHF
reference, and a cluster operator that neglects some spin coupling in order to reduce
spin contamination.119,120 Unrestricted explicitly correlated coupled-cluster compu-
tations (denoted UCCSD(T)-F12) also used an ROHF reference, but the method
is more susceptible to spin contamination because the unmodified cluster and spin-
squared operators do not commute.119,120 The Gaussian09121 software package was
used for all UMP2 and ROMP2 calculations. All UCCSD(T) and ROCCSD(T) cal-
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culations were done using CFOUR, whereas Molpro2010 was used for the explictly
correlated computations. Pure angular momentum functions (5d, 7f, 9g) were used
rather than Cartesian functions (6d, 10f, 15g). All Cartesian forces associated with
the optimized structures have been converged to less than 1 × 10−4 Eh/a0.
Figure 2.1. Twelve structures and point group symmetries of the H2O · · ·O2 system
along with select intermolecular parameters (Req, α, β) described in the text.
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2.3 Results and Discussion
2.3.1 O2 and H2O Fragments
Table 2.1 lists the intramolecular bond lengths and bond angle along with
harmonic vibrational frequencies and IR intensities of O2 and H2O. The differences
between the optimized haTZ and haQZ bond lengths and bond angle are minimal,
less than 0.006 Å and 0.2◦, and deviations between corresponding harmonic vibra-
tional frequencies do not exceed 25 cm−1. Higher-order correlation effects have a more
substantial impact on the fragments, particularly for O2. Relative to the UCCSD(T)
results, UMP2 overestimates the OO bond length by 0.01 Å and underestimates the
frequency by 120 cm−1 with both haTZ and haQZ basis sets. The deviations between
MP2 and CCSD(T) for the H2O fragment are smaller, with maximum unsigned de-
viations of 0.001 Å for the OH bond length, 0.1◦ for the HOH angle, and 30 cm−1 for
any frequency. At the CCSD(T)/haQZ level, the largest IR intensity of 73 km mol−1
corresponds to the HOH bend at 1651 cm−1. For the twelve H2O · · ·O2 structures
discussed in the following sections, the OO and OH bond lengths change by no more
than 0.004 Å and the HOH bond angle by less than 0.2◦.
Table 2.1. Geometrical parameters (R in Å, θ in ◦) of O2 and H2O along with har-
monic vibrational frequencies (ν in cm−1) and non-zero IR intensities (in parentheses
in km mol−1)
R(OO) ν R(OH) θ(HOH) ν1 ν2 ν3
UMP2/haTZ 1.224 1454.7 0.961 104.1 3824.5 (7.6) 1630.1 (73.8) 3951.9 (75.8)
UMP2/haQZ 1.219 1479.7 0.959 104.3 3840.5 (6.8) 1632.8 (73.5) 3966.4 (78.5)
UCCSD(T)/haTZ 1.213 1574.4 0.962 104.2 3813.6 (4.6) 1647.9 (72.4) 3924.3 (54.9)
UCCSD(T)/haQZ 1.208 1595.7 0.959 104.4 3831.8 (4.2) 1650.5 (72.5) 3941.4 (57.8)
The experimentally determined fundamental frequency of O2 is 1580.2 cm
−1,
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which has reasonably good agreement with the UCCSD(T)/haQZ harmonic vi-
brational frequency (within 16 cm−1).122 For the OH stretches and HOH bend of
H2O, the CCSD(T)/haQZ harmonic frequencies differ from experimental results by
nearly 200 cm−1.123 The CCSD(T)/haQZ IR intensities for the HOH bend and HOH
stretches are within 10 km mol−1 of experimental results.123 Although the deviations
between harmonic frequency computations and experimental results are large in the
fragment HOH bending and stretching modes, any observed frequency shifts or IR
intensity changes should give qualitative insight into the effects of complexation on
the H2O and O2 fragments.
2.3.2 Nature and Structures of the Dimer
The structures in Figure 2.1 are shown in the order of increasing electronic
energy at the UMP2/haQZ level of theory, with I as the global minimum and XII as
the highest energy stationary point. Six C2v structures (II, III, VII, X-XII) have been
considered, one of which is a local minimum (structure VII) on the UMP2 surface.
The other six stationary points have Cs symmetry (I, IV-VI, VIII, IX), including the
global minimum (structure I). Although structure I is consistently identified as the
global minimum here and elsewhere93,107,109, some variation in the exact orientation
of the O2 fragment relative to H2O is observed for this stationary point. As such,
the following discussion primarily focuses on the geometrical parameters of structure
I. The UCCSD(T)/haQZ optimized global minimum has intermolecular angles of
α=110◦ and β=106◦ and an intermolecular separation of Req= 2.64 Å (Fig. 2.1).
Using either UMP2 or UCCSD(T) with a haTZ or haQZ basis, α and β change by
less than ± 10◦ for structure I. Similar parameters were reported at the QCISD/6-
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311++G(2d,2p) level of theory (α=126◦, β=109◦, Req=2.57 Å)91 and from MP2/aug-
cc-pVTZ optimizations (α=102◦, β=112◦, Req=2.57 Å).93,109
Table 2.2. Number of imaginary frequencies ni
I II III IV V VI VII VIII IX X XI XII
UMP2/haTZ 0 1 1 0 1 2 0 1 2 2 1 1
UMP2/haQZ 0 1 1 1 1 2 0 1 2 2 1 2
UCCSD(T)/haTZ 0 1 1 1 1 2 1 1 2 2 1 2
UCCSD(T)/haQZ 0 1 1 1 1 2 1 1 2 2 1 2
Table 2.2 lists the number of imaginary frequencies associated with structures
I – XII of the H2O· · ·O2 dimer. One of the most significant features of the data is that
the number of minima changes with computational protocol. At the UMP2/haTZ
level of theory, three of the stationary points (structures I, IV, and VII) examined
in this study are minima. With the larger haQZ basis set, however, structure IV
becomes a transition state with an a′′ imaginary frequency of 37i cm−1, whereas
structure XII changes from a transition state to a second order saddle point (ni =
2). Structure VII is also a transition state with both the haTZ and haQZ basis
sets at the UCCSD(T) level, having a single imaginary frequency with b2 symmetry.
The global minimum is structure I, regardless of method or basis set. As can be
seen in Table 2.2, structures II, III, IV, V, VII, VIII and XI are transition states and
structures VI, IX, X and XII are second-order saddle points on the UCCSD(T)/haTZ
and UCCSD(T)/haQZ surfaces.
Structure VI provides a more extreme example of this sensitivity. Reference
4 reported a minimum H2O· · ·O2 structure from MP2 computations with the 6-
311++G(2df, 2pd) basis set that had geometrical parameters (α = 178◦, β = 179◦,
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Req = 2.43 Å) very similar to those for structure VI at the UMP2/haTZ (α = 180
◦,
β = 169◦, Req = 2.47 Å). However, structure VI is a second-order saddle point (ni
= 2) at all levels of theory employed in this study while it is a minimum at the
MP2/6-311++G(2df, 2pd) level of theory regardless of whether the core electrons
are correlated or not. Although structure I was not considered in Reference 4, it
remains a lower-energy minimum on the MP2/6-311++G(2df, 2pd) potential energy
surface.
Table 2.3. Intermolecular separations (Req in Å)
Ia IIb IIIb IVb Va VIa VIIa VIIIa IXa Xa XIa XIIa
UMP2/haTZ 2.81 3.12 3.16 3.13 2.46 2.47 2.86 2.90 2.60 2.92 3.82 3.15
UMP2/haQZ 2.75 3.14 3.20 3.16 2.47 2.48 2.87 2.91 2.62 2.92 3.83 3.18
UCCSD(T)/haTZ 2.66 3.13 3.18 3.15 2.42 2.48 2.85 2.88 2.56 2.87 3.81 3.13
UCCSD(T)/haQZ 2.64 3.17 3.22 3.18 2.43 2.49 2.87 2.89 2.54 2.88 3.83 3.15
a R(H· · ·O)
b R(O· · ·MP) where MP denotes the midpoint of the OO bond
Table 2.3 lists key UMP2/haXZ and UCCSD(T)/haXZ (X=T,Q) intermolec-
ular separations, Req, for each optimized structure. Cartesian coordinates, harmonic
vibrational frequencies, and IR intensities for every optimized structure are available
in the ??. The intermolecular separation of structures II-IV is measured from the
midpoint of the O2 bond to the oxygen of H2O while Req for structures I and V-
XII is the shortest intermolecular O· · ·H distance (Fig. 2.1). For structures II-XII,
these intermolecular parameters are quite similar regardless of method or basis set
used for the optimization, never differing by more than 0.05 Å. The global mini-
mum (structure I) has slightly larger deviations (> 0.1 Å), indicating a large basis
and substantial amounts of electron correlation are needed to adequately describe
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the non-covalent interaction. However, Req changes by less than 0.02 Å between
UCCSD(T)/haTZ and UCCSD(T)/haQZ for structure I.
2.3.3 Harmonic Vibrational Frequencies and IR Intensities
As shown in Table 2.2, structure I is the only minimum at the UCCSD(T)
level of theory, and the nature of each stationary point remains consistent with
both haTZ and haQZ basis sets. For this reason, after a brief discussion of prior
computational and experimental results, the remainder of this section will focus on
the harmonic vibrational frequencies of the global minimum (structure I). Previ-
ous vibrational frequency computations of the global minimum were done at the
QCISD/6-311++G(2d, 2p) level of theory using the harmonic oscillator linear dipole
moment approximation (HOLD), which agree to within 50 cm−1 of UCCSD(T)/haQZ
results and IR intensities of the OH stretching modes have deviations less than 10
km mol−1.91 However, this previous study focused primarily on the OH stretching
modes of the H2O · · ·O2 dimer, whereas the current investigation considers the IR
intensities and frequencies of the intermolecular modes as well as the intramolecular
frequency shifts and IR activity changes.
Experimentally, the ground state of the H2O · · ·O2 dimer determined via mi-
crowave spectroscopy has C2v symmetry like that seen in structure II.
96 Compu-
tationally, however, structure II is a transition state with an imaginary frequency
of b2 symmetry at 40i cm
−1 at the UCCSD(T)/haQZ level of theory. A previous
study investigated rotations of the O2 and H2O fragments in structure I and found
the conrotatory motion to be degenerate while the disrotatory motion experiences
a slight splitting.109 That study noted that the transitions between these low-lying
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states due to the small barrier of the disrotatory intermolecular vibration would be
interpreted by microwave spectroscopy as a structure with C2v symmetry.
109
Table 2.4. Harmonic vibrational frequencies (ν in cm−1) and IR intensities (in paren-
theses in km mol−1) of structure I
Mode UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a′ 3947.5 (73.4) 3962.4 (76.4) 3921.8 (54.4) 3939.3 (58.6)
a′ 3819.8 (6.3) 3836.2 (5.7) 3810.6 (3.2) 3829.1 (2.9)
a′ 1642.4 (70.7) 1639.9 (78.2) 1645.2 (95.0) 1647.7 (93.6)
a′ 1574.3 (19.0) 1577.4 (11.9) 1582.9 (0.3) 1601.3 (0.4)
a′ 127.8 (42.5) 108.4 (49.6) 85.7 (71.5) 83.5 (73.7)
a′ 72.7 (16.2) 74.4 (17.6) 80.5 (9.5) 78.7 (4.9)
a′ 48.6 (28.7) 45.8 (22.6) 47.3 (13.9) 41.3 (17.2)
a′′ 117.4 (0.7) 111.3 (3.4) 103.7 (4.4) 103.2 (0.0)
a′′ 86.4 (225.5) 79.7 (217.5) 71.7 (214.8) 67.5 (215.5)
Frequency shifts and IR intensities can often provide the means to spec-
troscopically identify non-covalent complexes. For the global minimum at the
UMP2/haQZ level of theory, there is a substantial shift (+98 cm−1) and slight in-
crease in the IR intensity (from 0 to 12 km mol−1) for the OO stretch in the dimer
at 1577 cm−1, which can be seen in Table 2.4. The OO stretch is strongly coupled to
the HOH bend on the UMP2 surface. However, the frequency shift decreases to only
+6 cm−1 and the mode remains IR inactive on the UCCSD(T)/haQZ surface (1601.3
cm−1 and <1 km mol−1). At the UCCSD(T)/haQZ level of theory, the mode associ-
ated with HOH bend shifts by close to −3 cm−1 and has an increase in IR intensity
of +21 km mol−1. The changes are even smaller for the symmetric and asymmetric
OH stretches of H2O, not exceeding ±3 cm−1 and ±1 km mol−1. As such, the HOH
bend is the only intramonomer mode with any appreciable increase in IR intensity
(from 73 to 94 km mol−1, almost 29%).
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By inspecting the far IR (less than 150 cm−1) intermolecular modes of the
H2O · · ·O2 dimer, another potential mechanism leading to green house effects can be
evaluated. Structure I has five modes in this region (Table 2.4). However, only two
modes have substantial IR intensities at the UCCSD(T)/haQZ level of theory. One
a′ mode is moderately IR active and has an intensity of 74 km mol−1 at 84 cm−1.
The largest IR intensity corresponds to the lowest energy mode of a′′ symmetry at
68 cm−1 and with an intensity of 216 km mol−1, more than double the IR intensity
of any other inter- or intramolecular mode of the H2O · · ·O2 global minimum.
2.3.4 Energetics
Relative electronic energies of structures I-XII with respect to the global
minimum (structure I) are listed in Table 2.5. In addition to UMP2/haXZ and
UCCSD(T)/haXZ energies, ROMP2 and ROCCSD(T) single point computations
were performed based on the corresponding UMP2/haXZ or UCCSD(T)/ haXZ op-
timized geometry. Explicitly correlated UCCSD(T)-F12 and ROCCSD (T)-F12 en-
ergies at UCCSD(T)/haQZ optimized geometries were included to probe convergence
to the CBS limit. It is readily apparent from Table 2.5 that the potential energy
surface is extremely flat with all relative electronic energies within 0.5 kcal mol−1 of
the global minimum for structures II-XII. Energetically, increasing the basis set from
haTZ to haQZ has little effect, less than 0.05 kcal mol−1 for UMP2 or UCCSD(T).
Given the open shell nature of O2 and H2O · · ·O2, the energetics are more sensitive
to electron correlation than basis set effects with maximum deviations of 0.08 kcal
mol−1 when comparing UMP2 to UCCSD(T).
The spin formalism has a noticeable affect on the MP2 results. ROMP2 un-
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derestimates the relative electronic energies by more than 0.1 kcal mol−1 in some
cases. In contrast, the spin restricted and unrestricted coupled-cluster results are
virtually indistinguishable. ROCCSD(T)/haXZ and UCCSD(T)/haXZ have devia-
tions less than 0.01 kcal mol−1. UCCSD(T)-F12/ha5Z and ROCCSD(T)-F12/ha5Z
differ by no more than 0.02 kcal mol−1. The T1 and D1 diagnostics from explicitly
correlated single computations never exceed 0.01 and 0.02, respectively, with an ha5Z
basis set.124
Table 2.5. Relative Electronic Energies in kcal mol−1
I II III IV V VI VII VIII IX X XI XII Dae
UMP2/haTZ 0.00 0.06 0.13 0.15 0.25 0.27 0.27 0.29 0.32 0.31 0.33 0.45 0.72
UMP2/haQZ 0.00 0.07 0.16 0.17 0.23 0.26 0.28 0.30 0.30 0.31 0.38 0.47 0.70
ROMP2/haTZb 0.00 0.01 0.05 0.05 0.23 0.21 0.12 0.19 0.29 0.25 0.13 0.25 0.56
ROMP2/haQZb 0.00 0.01 0.07 0.06 0.18 0.18 0.12 0.19 0.24 0.24 0.17 0.27 0.53
UCCSD(T)/haTZ 0.00 0.10 0.16 0.18 0.17 0.28 0.28 0.28 0.25 0.28 0.33 0.44 0.74
UCCSD(T)/haQZ 0.00 0.11 0.18 0.19 0.18 0.27 0.26 0.27 0.24 0.28 0.37 0.44 0.70
ROCCSD(T)/haTZb 0.00 0.10 0.16 0.18 0.17 0.28 0.28 0.28 0.25 0.28 0.33 0.44 0.74
ROCCSD(T)/haQZb 0.00 0.11 0.17 0.19 0.18 0.27 0.26 0.27 0.24 0.28 0.37 0.44 0.69
UCCSD(T)-F12a/ha5Zc 0.00 0.11 0.18 0.19 0.18 0.27 0.25 0.26 0.23 0.28 0.38 0.43 0.66
UCCSD(T)-F12b/ha5Zc 0.00 0.11 0.18 0.19 0.18 0.27 0.25 0.26 0.23 0.28 0.39 0.43 0.66
ROCCSD(T)-F12a/ha5Zc 0.00 0.09 0.17 0.18 0.18 0.26 0.23 0.24 0.22 0.26 0.37 0.42 0.64
ROCCSD(T)-F12b/ha5Zc 0.00 0.09 0.17 0.18 0.18 0.26 0.23 0.24 0.22 0.26 0.37 0.42 0.64
a De = E(O2) + E(H2O) − E(I)
b Single point energies with UMP2/haXZ or UCCSD(T)/haXZ optimized structures
c Single point energies with UCCSD(T)/haQZ optimized structures
The deviations between UCCSD(T)/haQZ and UCCSD(T)-F12/ha5Z rela-
tive electronic energies are less than 0.02 kcal mol−1, indicating that this property
is well converged to the CBS limit. The electronic dissociation energies (De, the en-
ergy of the fully optimized isolated monomers relative to structure I) obtained with
the explicitly correlated methods, tend to be about 0.04 kcal mol−1 smaller than
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the corresponding UCCSD(T)/haQZ and ROCCSD(T)/haQZ results. De is 0.70
kcal mol−1 on both UMP2/haQZ and UCCSD(T)/haQZ surfaces, which decreases
to ≈0.65 kcal mol−1 according to the explicitly correlated coupled-cluster compu-
tations. Previous estimates from MP2/aug-cc-pVTZ and QCISD/6-311++G(2d,2p)
computations are nearly identical, predicting slightly larger energies of 0.76 and 0.72
kcal mol−1, respectively.91,93,109 Correcting the UCCSD(T)/haQZ electronic dissocia-
tion energy with the harmonic zero-point vibrational energy, yields a D0 value of 0.17
kcal mol−1. Interestingly, the dimer is slightly unbound on the UMP2/haQZ surface
(D0 = −0.04 kcal mol−1), but both values would certainly change if anharmonic
effects were evaluated.
Figure 2.2. Global minima of the H2O · · ·O2 (left) and H2O · · ·N2 (right) dimers
along with select intermolecular geometrical parameters (Req, α, β) described in the
text.
2.3.5 Comparison to H2O· · ·N2
The results obtained in this study for the H2O · · ·O2 global minimum brings
up several interesting points of divergence with the related H2O · · ·N2 van der Waals
system (Fig. 2.2). The following section compares and contrasts geometrical parame-
ters, harmonic vibrational frequencies, IR intensities, and energetics of the H2O · · ·O2
global minimum to those of the H2O · · ·N2 global minimum.
Geometrically, the global minimum of the H2O · · ·N2 dimer has the greatest
similarity to structure VI of the H2O · · ·O2 dimer, a second-order saddle point on
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the UCCSD(T)/haQZ surface. The CCSD(T)/haQZ intermolecular arrangement of
the H2O · · ·N2 minimum is more linear, with both α and β (Fig. 2.2) near 170◦
compared to roughly 110◦ in the H2O · · ·O2 global minimum. Req of the H2O · · ·N2
global minimum is 2.35 Å, nearly 0.3 Å shorter than the corresponding intermolecular
separation in structure I of the H2O · · ·O2 system.108
Although the potential energy surface of H2O · · ·N2 is also quite flat, no
discrepancies in the number of imaginary frequencies were observed for any struc-
ture when using the same basis sets and comparable electronic structure meth-
ods. As with H2O · · ·O2, frequency shifts upon complexation are small according
to coupled-cluster computations, although the associated IR intensity changes are
generally larger for H2O · · ·N2 (e.g., roughly +60 km mol−1 and +20 km mol−1 for
the asymmetric and symmetric OH stretches, respectively).108 The global minimum
of H2O · · ·N2 has only a single intermolecular mode in the far IR with moderate IR
intensity on the CCSD(T)/haQZ surface: an a′ mode at 165 cm−1 with an intensity
of 81 km mol−1, which is smaller than that of the intramolecular OH asymmetric
stretch (117 km mol−1).108 In contrast, the H2O · · ·O2 dimer, has an a′′ intermolec-
ular mode at 68 cm−1 with an IR intensity of 216 km mol−1 which is more than two
times larger than that of any other mode.
The global minimum of the H2O · · ·N2 system has a dissociation energy of
1.22 kcal mol−1 at the CCSD(T) CBS limit estimated from CCSD(T)-F12/ha5Z
computations. Comparatively, structure I of the H2O · · ·O2 dimer has a CCSD(T)
CBS De of 0.65 kcal mol
−1 estimated from ROCCSD(T)-F12/ha5Z and UCCSD(T)-
F12/ha5Z explicitly correlated coupled-cluster computations.
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2.4 Conclusions
To summarize the results of this research, structure I is the only minimum on
the UCCSD(T)/haQZ surface out of the twelve H2O · · ·O2 dimer stationary points
examined. The global minimum has an electronic dissociation energy of approxi-
mately 0.65 kcal mol−1 near the CCSD(T) CBS limit. According to coupled-cluster
theory, there were no significant frequency shifts, IR intensity changes, or geometri-
cal changes of the fragments upon complexation. Although the UMP2 energetics are
similar to those from coupled-cluster computations, the method incorrectly identifies
two structures as minima. In addition, the UMP2 results suggest the OO harmonic
frequency shift upon complexation is substantially larger (ca. +100 cm−1) than the
UCCSD(T) value (ca. +5 cm−1). Both methods indicate there are two intermolecu-
lar modes (one a′ and one a′′) with appreciable IR intensity in the far IR region. The
IR intensity of the lowest a′′ mode exceeds 200 km mol−1, which is more than double
the largest IR intensity of any other mode. Even though the related H2O · · ·N2 dimer
is more strongly bound it does not possess any intermolecular vibrational modes with
IR intensities as large as those seen here for the H2O · · ·O2 dimer.
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CHAPTER 3
Unusual intra- and inter-molecular interactions in ammonia borane
All experimental results were obtained by Louis E. McNamara, John T. Kelly, Ashley
M. Wright, and Nathan I. Hammer. Katelyn M. Dreux, Ashley M. Wright, and
Gregory S. Tschumper performed all computations.
3.1 Introduction
Since it was first synthesized in 1955125 ammonia borane has generated a large
amount of interest both experimentally126–144 and computationally98,100–102,145–167.
The coordinate covalent, often called dative, bond between boron and nitrogen is an
intramolecular bond with an interaction energy of−43.91 kcal mol−1 at the estimated
CCSD(T) complete basis set (CBS) limit that arises from nitrogen donating a pair
of electrons into the empty p-orbital on boron.166 The presence of both hydridic
and protonic hydrogens in BH3NH3 allows for the formation of dihydrogen bonds
(BHδ−· · ·Hδ+N) between adjacent molecules. These interactions give rise to short
intermolecular H-H distances in the crystal structure (< 2.2 Å) and an interaction
energy of approximately −4 to −6 kcal mol−1 between BH3NH3 subunits (on the
same order of a typical H-bond).98
Ammonia borane has been the focus of several experimental investigations
in an attempt to understand the behavior of BH3NH3 as a gas, solid, or in solu-
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tion. Gas-phase microwave spectroscopy determined the monomer BN bond length
to be 1.658 Å (rs = 1.6576 Å) with a dipole moment of 5.22 Debye.
132,133 The rota-
tional barrier of BH3NH3 around the BN bond was estimated to be 2.07 kcal mol
−1
experimentally which agrees well with extrapolated CCSD(T) CBS results of 1.95
kcal mol−1.132,133,155 An infrared (IR) matrix isolation study of BH3NH3 assigned
the monomer 11BN stretch at 968 cm−1, an assignment that was later challenged
and reassigned to 610 cm−1.131,152 A vapor-phase IR study of BH3NH3 was unable
to observe the BN stretch experimentally. However, the resolved spectra showed
good agreement with the previous matrix isolation study in several regions.158 The
first Raman spectra of BH3NH3 were obtained in solutions of ammonia or dimethyl
ether with the BN stretch assigned to 787 and 755 cm−1, respectively.128,129 When
the X-ray crystal structure of ammonia borane was determined in 1956, the BN
bond length was estimated between 1.5 and 1.6 Å with a tetragonal space group
I4mm.126,127 Four decades later, a neutron diffraction structure of ammonia borane
obtained at 200 K revealed different results, including an orthorhombic space group
(Pmn21) and a BN bond length of 1.58 Å.
135 It has since been shown that ammonia
borane at standard pressure undergoes a crystal phase change from orthorhombic
(Pmn21) at lower temperature to tetragonal (I4mm) as the temperature rises above
225 K.137,139,140 Raman spectra of the orthorhombic solid crystal reveals a BN stretch
near 790 cm−1 (789 cm−1 at 224 K and 794 cm−1 at 88 K).137,139 Temperature de-
pendent IR and NMR measurements from 10-200 K suggest that the local symmetry
of the BH3NH3 molecules is lower than that obtained from diffraction data at 10
K, and the numbers of modes observed in the far-IR exceeds predictions from group
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theory.137,142 Furthermore, this region of the spectrum exhibits complex temperature
dependence well below the phase transition near 220 K that could be attributed to
subtle changes in the dihydrogen bonding network.137,142 The predicted number of
vibrational modes in the tetragonal phase of ammonia borane is 21, 12 of which are
Raman active based on the I4mm crystal symmetry.137 The Pmn21 symmetry of
orthorhombic ammonia borane lifts the E degeneracy to A′ and A′′ as well as ac-
tivating a number of acoustic and librational low-energy modes which results in 45
vibrational degrees of freedom (all Raman active).137,138
Computational investigations have focused primarily on anti-parallel orien-
tations of nearest neighbor in isolated clusters of (BH3NH3)n≤8 146–149,151,152,157,160,167
with little consideration of clusters that mimic either the tetragonal or orthorhombic
crystal structures98,152,153,156 in which the dipole moments of the BH3NH3 molecules
are more closely aligned. Dipole-dipole interactions as well as dihydrogen bonding
both have a stabilizing effect on (BH3NH3)n clusters. A symmetry adapted perturba-
tion theory (SAPT) analysis of the C2h dimer found the electrostatic component was
the largest attractive contribution to the interaction energy, more than twice the mag-
nitude of the contribution from either dispersion or induction.148 Using Hartree-Fock
(HF) and second-order Møller-Plesset perturbation theory (MP2) with a 6-31G(d)
basis set, Dillen and Verhoeven noted that the BN bonds contract and BN stretch-
ing frequencies shift to higher energy in (BH3NH3)n isolated gas-phase clusters and
models of the crystal as n increases, thereby leading to improved agreement with
experimental observations.152 One theoretical analysis of a crystal structure model
containing nine BH3NH3 subunits reported that the contraction of the BN bond
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length arises primarily from dipole-dipole interactions whereas dihydrogen bonding
contributes nearly as much as dipole/dipole interaction to the interaction energy.156
A separate computational study of smaller BH3NH3 clusters (n=3,4,5) found that
dihydrogen bonding was the primary stabilizing interaction.160. A recently published
paper using density functional theory has also indicated that ammonia borane clus-
ters have strong zwitterionic character that gives rise to strong cooperative effects
when arrangement in an anti-parallel fashion for clusters up to (BH3NH3)54.
167
This paper presents a coordinated theoretical and experimental investigation
of ammonia borane. For the first time, the experimental spectrum of solid ammonia
borane is determined using Raman under liquid nitrogen spectroscopy (RUNS).168
The effects of size and orientation on the BN bond length and stretching frequencies
are examined computationally both in isolated clusters of BH3NH3 (such as those
shown in Figure 3.1) and in models of the orthorhombic crystalline solid (such as
those shown in Figure 3.2). Finally, the computational results for the various crystal




Full geometry optimizations and harmonic vibrational frequency computa-
tions were performed on the BH3NH3 monomer (1-C3v, Figure 3.1) using a va-
riety of methods and basis sets. The density functionals M06L169, M06-2X35,
and B3LYP33,34 were compared to second-order Møller-Plesset perturbation the-
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ory (MP230), coupled cluster singles and doubles (CCSD32), and coupled cluster
singles, doubles and perturbative triples (CCSD(T)32). Three different correlation-
consistent families of basis sets170 were considered, polarized valence (i.e. cc-pVXZ,
denoted VXZ where X=D,T,Q), augmented polarized valence basis sets (i.e. aug-
cc-pVXZ, denoted aVXZ where X=D,T,Q), and polarized core valence (i.e. cc-
pCVXZ, denoted CVXZ where X=D,T,Q). Two Pople-style split valence basis
sets, 6-31++G(d, p) and 6-311++G(2df, 2pd)171, were also used in conjunction with
B3LYP, M06L, M06-2X and MP2. The frozen core approximation was invoked for
all MP2, CCSD, and CCSD(T) computations, excluding the one 1s-like orbitals for
B and N from the electron correlation calculations. All MP2 and density functional
computations were performed using the Gaussian09172 software package. CCSD and
CCSD(T) computations were done using CFOUR117. Spherical functions (5d, 7f, 9g)
were used instead of Cartesian functions (6d, 10f, 15g). Cartesian forces did not
exceed 1.0 × 10−5 Eh/a0.
MP2, M06L, M06-2X, and B3LYP computations with the 6-31++G(d, p),
6-311++G(2df, 2pd) and aVXZ (where X=D,T,Q) basis sets were performed to
characterize the optimized geometry and harmonic vibrational frequencies of the C2h
dimer (2-C2h, Figure 3.1). CCSD and CCSD(T) optimized geometries and harmonic
vibrational frequencies were also obtained for the C2h dimer with aVXZ (where
X=D,T) basis sets.
Based on the calibration performed for the monomer and C2h dimer (vida
infra), the M06-2X functional and 6-311++G(2df, 2pd) basis set were selected to
perform full geometry optimizations and compute the harmonic vibrational frequen-
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cies for the clusters depicted in Figure 3.1 that were taken from Ref. 152. In
the crystal structure models, only the central BH3NH3 molecule (circled in Figure
3.2) was optimized. The corresponding M06-2X/6-311++G(2df, 2pd) harmonic vi-
brational frequencies were then computed. In all harmonic vibrational frequency
computations the 11B isotope was used unless explicitly stated otherwise.
3.2.2 Experimental Details
Solid phase Raman spectra and RUNS spectra were obtained using a LabRAM
HR Evolution Raman spectrometer with an 1800 gr/mm grating. The excitation
source of 532 nm was obtained by using the second harmonic of a continuous Nd:YAG
laser. RUNS spectra were taken by holding the sample in an insulating ceramic bowl
and then immersing the sample in liquid nitrogen.
3.3 Results and Discussion
3.3.1 Experiment
Figure 3.3 contains the full (500-4000 cm−1) Raman spectrum of tetragonal
ammonia borane at 298 K. Table 3.1 lists the intramolecular vibrational frequencies
of ammonia borane at near ambient temperatures using Raman and IR spectroscopy.
The room temperature Raman spectrum of tetragonal ammonia borane performed in
this study shows good agreement (within ± 5 cm−1) with previous results obtained
using Raman spectroscopy at 298 K for the NH, BH, and BN stretching regions.137
The intermolecular (100-500 cm−1), BN stretching (600-950 cm−1), BH defor-
mation (1100-1400 cm−1), NH deformation (1500-1800 cm−1), BH stretching (2200-
2600 cm−1) and NH stretching (3100-3400 cm−1) regions of ammonia borane at 77
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Figure 3.1. Isolated clusters and symmetry unique BN bond lengths (in Å) of the
M06-2X/6-311++G(2df, 2pd) optimized clusters where the labels denote the point
group symmetry and the number of fragments.
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Figure 3.2. Models constructed from orthorhombic crystal structure of BH3NH3
where the circle denotes the fragment being optimized in the field of the surrounding
n− 1 fragments (n− 2 in 16-C1).
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K are shown in Figure 3.3. Table 3.2 contains the RUNS data for orthorhombic
ammonia borane as well as Raman, IR, and inelastic neutron scattering (INS) peaks
at cryogenic temperatures. The N2 stretching mode appears as a sharp peak at 2330
cm−1 in Figure 3.3.168 Below 100 K, there are more observed Raman peaks than pre-
dicted based on the Pmn21 space group due to overtone bands as well some peaks
that were unable to be assigned, denoted as ‘overtone’ and ‘unassigned’ in Table 3.2
taken from Ref. 137. In ammonia borane at cryogenic temperatures, another inter-
molecular mode is observed at 156 cm−1 and the dominant low energy mode shifts
to higher energy, the 10BN and 11BN stretches shift to slightly higher energy, seven
separate peaks are observed in the BH stretching region, and in the NH stretching
region the three peaks at 298 K decompose into five peaks. The spectrum predicted
using RUNS seem to be in good agreement with previous Raman data at 88 K,
although some new peaks were observed at 3332, 2313, and 2272 cm−1.137
3.3.2 Calibration of BH3NH3 and (BH3NH3)2
Although a wide range of post-HF and DFT methods can provide a reliable
description of the structure and vibrational frequencies of BH3NH3, the frequency
shifts induced by the interactions in BH3NH3 clusters is more challenging (Supporting
Information). The anti-parallel C2h dimer (cluster 2-C2h in Figure 3.1) is the global
minimum at all levels of theory considered here, with an electronic binding energy
of −15.81 kcal mol−1 at the CCSD(T)/aTZ level of theory, in good agreement with
the CCSD(T)/CBS binding energy of −15.4 kcal mol−1 computed using MP2/aTZ
optimized geometries.165 The two BN stretching modes in the C2h dimer experience
substantial shifts to higher energy relative to the monomer (+60 cm−1 for the ag
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Figure 3.3. Comparison of ammonia borane at room temperature and at 77 K under
liquid nitrogen spectroscopy. N2 stretch denoted by (*).
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Table 3.1. The intramolecular vibrations of ammonia borane at or near ambient tempera-
tures.
Ref 137 This work Ref 142
Raman 298 K Raman 298 K IR 270 K
NH stretch 3316 3315 3323
3250 3252 3253
3176 3175 3180











BH3 deformation 1189 1187 1225
1155 1165 1182
NBH rock 1065 1072
727 728 726
BN stretch 800 799 799
784 783 784
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Table 3.2. The intramolecular vibrations of ammonia borane at cryogenic temperatures.
Raman 88 K RUNS 77 K INS 30 K IR 10 K
Ref 137 This work Ref 136 Ref 142







unassigned 3202 3201 3200
unassigned 3165 3167 3164
3060
2546














NH3 deformation 1622 1622 1622
1609 1609 1609
1593 1593




overtone 1470 1474 1467
overtone 1454 1453 1452 1445
1400 1399 1423
1374 1372 1367
BH3 deformation 1220 1216 1231
1214 1184 1213 1214
1180 1179 1189 1182
1173 1174 1177 1173
1166 1165 1160
1157 1157 1154
NBH rock 1086 1073 1098 1087
1073 1055 1076 1055
1056 811 1049 1014
10BN stretch 813 811 814
810 811
11BN stretch 798 799 798 799
794 795 795
NBH rock 740 740 740
731 731 737 731
721 720 726 720
712
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symmetric stretch and +68 cm−1 for the bu asymmetric stretch at the CCSD(T)/aTZ
level of theory). Although these shifts are reproduced with several model chemistries,
the combination of the M06-2X functional and 6-311++G(2df, 2pd) basis set is among
the least demanding. The frequency shifts computed at this level of theory are within
2 cm−1 and the electronic binding energy is within 0.3 kcal mol−1 of the corresponding
CCSD(T)/aTZ values. Based on these results, our subsequent investigations into
crystal models and isolated gas-phase clusters have been carried out using the M06-
2X functional and the 6-311++G(2df, 2pd) basis set.
3.3.3 Isolated Clusters of (BH3NH3)n
A second dimer configuration with C3v symmetry is also shown in Fig-
ure 3.1. In fact, at least two minima have been characterized at the M06-2X/6-
311++G(2df, 2pd) level of theory for all (BH3NH3)n clusters where n = 2, 3, 4, 6, 8.
Only one configuration for the largest cluster, (BH3NH3)12, has been examined. All
these isolated gas-phase clusters are shown in Figure 3.1 along with the symmetry
unique BN bond lengths in Å. In addition, Table 3.3 lists the electronic binding
energies (Ebind), normalized binding energies per monomer (Ebind/n, denoted En),
and the largest 11BN stretching frequencies (ωmaxBN ) for each of the fully optimized
(BH3NH3)n clusters. For this discussion, the isolated clusters are divided into three
categories: linear (2-C3v, 3-C3v), symmetry equivalent (2-C2h, 3-C3h, 4-S4, 6-D3d,
8-S4, 8-S8), and centrally coordinated (3-Cs, 4-C3v, 6-Cs, 8-C3v, 12-C3v).
It can be seen in Table 3.3 that the symmetry equivalent clusters tend to
be the lowest energy isomers (2-C2h, 3-Cs, 4-S4, 6-D3d, and 8-S4), except cluster
3-Cs which is 0.20 kcal mol
−1 lower in energy than the symmetry equivalent trimer
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(cluster 3-C3h). Additionally, the cooperative effects between BH3NH3 molecules are
most evident in the electronic binding energies of clusters 2-C2h, 3-Cs, 4-S4, 6-D3d,
and 8-S8 (Table 3.3). Cluster 2-C2h has an electronic binding energy of −6.94 kcal
mol−1 whereas cluster 3-Cs has an electronic binding energy of −29.20 kcal mol−1.
Although the number of intermolecular contacts increases by a factor of two, Ebind
increases by more than 420%. In a similar fashion, cluster 4-S4 has four monomers
with four nearest neighbor contacts comparable to the one in the 2-C2h dimer, yet
the electronic binding energy increases by more than 700% to −49.08 kcal mol−1.
Clusters 6-D3d and 8-S8 have electronic binding energies of −82.76 kcal mol−1 for
the 6-D3d cluster and −108.52 kcal mol−1 for the 8-S8 cluster, represent increases of
more than 1100% and 1500%, respectively.
The shortest BN bond lengths shown in Figure 3.1 occur in the centrally
coordinated clusters, ranging from 1.607 to 1.585 Å. Of the centrally coordinated
clusters 4-C3v, 8-C3v, and 12-C3v have the largest contractions of BN bond lengths
(from −0.057 to −0.064 Å) relative to the 1-C3v monomer. The largest BN stretch-
ing frequencies are also observed in the centrally coordinated clusters, as seen in
Table 3.3. Figure 3.4 shows the shift in BN stretching frequencies with respect to
the monomer BN stretch at 685 cm−1 upon complexation. The highest energy BN
stretching frequencies are observed in the central molecule of clusters 4-C3v, 8-C3v,
12-C3v. The largest frequency shifts are +167 and +175 cm
−1 observed in the 8-C3v
and 12-C3v clusters.
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Table 3.3. Electronic binding energies (Ebind in kcal mol
−1), the normalized electronic
binding energy (En in kcal mol
−1), and highest energy BN stretching modes (ωmaxBN in
cm−1) of isolated BH3NH3 clusters (n=2-4,6,8,12) at the M06-2X/6-311++G(2df, 2pd)
level of theory.
Linear Ebind En ω
max
BN
2-C3v −6.94 −3.47 730
3-C3v −15.71 −5.24 770
Symmetry Equivalent Ebind En ω
max
BN
2-C2h −16.10 −8.05 750
3-C3h −27.00 −9.00 777
4-S4 −49.08 −12.27 771
6-D3d −82.76 −13.79 785
8-S8 −108.52 −13.57 781
8-S4 −13.57 −14.72 802
Centrally Coordinated Ebind En ω
max
BN
3-Cs −29.20 −9.73 794
4-C3v −39.44 −9.86 830
6-Cs −73.74 −12.29 823
8-C3v −97.55 −12.19 852
12-C3v −158.08 −13.17 861
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3.3.4 Intramolecular Modes of Crystal Models
Crystal models 2-Cs to 19-C1 (Figure 3.2) were used to model the Pmn21 crys-
tal structure of ammonia borane, with coordinates taken from the neutron diffraction
study at 200 K by Klooster et. al.135. The central BH3NH3 molecule around which
the model crystal environment is built is denoted by a circle in Figure 3.2 to clearly
indicate which BH3NH3 was optimized in the field of the surrounding n− 1 molecules
constrained to their crystal structure geometries. In model 16-C1, two BH3NH3 sub-
units were allowed to fully optimize in the field of the surrounding n− 2 = 14
subunits, creating a conjoined model of two staggered 9-Cs crystal structures. The
intramolecular BN bond length of the optimized central BH3NH3 molecule (RBN) as
well as the deviations from the optimized monomer 1-C3v (∆Rmon) and the crystal
structure geometry (∆Rx) are reported in Table 3.4 along with the shortest inter-
molecular H-H distance (RHH). Several different stretching modes are listed in Table
3.4 including the 11BN, 10BN, symmetric BH and NH stretching frequencies (ω11,
ω10, ωBH , and ωNH) and the corresponding frequency shifts compared to the 1-C3v
monomer. For all the BN stretching modes, the frequency shifts were the same for the
11BN and 10BN stretches when compared to the 11BN and 10BN stretching frequen-
cies of the monomer (685 and 701 cm−1, respectively). In this case, the symmetric
BH and NH stretches are defined as the XH stretching modes in which all hydrogens
are elongating or contracting at the same time (even though the environments of
each XH bond are slightly different). The harmonic frequencies, IR intensities and
Raman activities for each structure can be found in the SI.
By allowing the geometry of the central BH3NH3 molecule to relax, the BN
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bond lengthens by no more than 0.05 Å for all the models considered in this in-
vestigation. As the size of the model grows, the BN bond contracts once again,
approaching the crystal bond length of 1.58 Å while the BN stretching frequency
moves to higher energy and the BH and NH stretching frequencies shift to lower en-
ergy.135. The HF/6-31G(d) computations reported in Ref. 152 for many of the same
crystal models agree reasonably well with the BN stretching frequencies computed
here.152 However HF/6-31G(d) consistently overestimates the BH and NH stretches
by more than 100 and 300 cm−1, respectively, compared to experimental values.152
The head-to-tail crystal models (2-Cs, 3-Cs, 5-Cs) have the longest BN bond
lengths, largest intermolecular H-H distances, and smallest frequency shifts. Includ-
ing the nearest neighbor BH3NH3 molecules (9-Cs) does not perturb the BN bond
length or BN and BH stretches significantly but the NH stretch decreases in energy
by nearly 50 cm−1. 11-Cs and 13-C1 have both head-to-tail BH3NH3 interactions
and nearest neighbor hydrogens which have a larger impact on the BN bond length
and stretching frequency. Models 11-Cs and 13-C1 have nearly identical BN bond
lengths (within 0.002 Å), BN stretching frequencies (within 7 cm−1), and BH and
NH stretching frequencies (within 1 cm−1) indicating that increasing the length of
the head-to-tail interaction beyond the two closest BH3NH3 molecules has little ef-
fect. The 15-C1 crystal model has a slightly longer (by 0.01 Å) BN bond length,
the BN and BH stretching frequencies decrease by nearly 30 and 15 cm−1, respec-
tively, and the NH frequencies increase by 10 cm−1 compared to 13-C1. 19-C1 has
the smallest BN bond length of 1.606 Å and largest frequency shifts of +109 cm−1
and −65 for the BN and NH stretches. Allowing two BH3NH3 molecules in a crystal
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model to relax (16-C1) gives bond lengths and frequencies consistent with 9-Cs for
the results listed in Table 3.4. The harmonic 11BN and 10BN stretching frequencies
computed for model 19-C1, 795 and 811 cm
−1, are within two cm−1 of the exper-
imentally observed RUNS frequencies for ammonia borane at 77 K. That type of
fortuitous agreement is not expected in general due to anharmonic effects. Indeed,
the experiment BH stretching frequencies are overestimated by more than 20 cm−1
by the harmonic M06-2X/6-311++G(2df, 2pd) frequencies. The differences are larger
for the NH stretching frequencies (on the order of 100 cm−1).
3.3.5 Intermolecular Modes of Crystal Models
The far-IR energy (below 500 cm−1) lattice and intermolecular modes are
listed in Table 3.5 for crystal models 9-Cs, 16-C1, 19-C1 along with the experimental
infrared (IR), inelastic neutron scattering (INS), and Raman frequencies at various
temperatures.136,138,142 16-C1 has more vibrational degrees of freedom by virtue of
allowing two BH3NH3 molecules to relax which has a larger impact on the intermolec-
ular modes, giving results that are more consistent with experiment. There is very
little coupling of vibrational modes between the two optimized subunits of model 16-
C1. However, the BH3 and NH3 twists and rocks are slightly coupled causing these
modes to shift by up to ±20 cm−1 compared to 9-Cs. Although some modes (NH3
twist, BH3 rock, NH3 rock, and translation) agree fairly well with the IR spectrum
at 10 K, without including anharmonic effects it is a tentative correlation at best.142
55
Figure 3.4. The frequency shifts (in cm−1) of the BN stretching modes from the
monomer BN stretch (685 cm−1) upon complexation for the isolated clusters.
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Table 3.4. BN bond length (RBN in Å), change in BN bond length from optimized iso-
lated monomer 1-C3v and the crystal structure geometry (∆Rmon and ∆Rx in Å), shortest
intermolecular H-H distance (RHH in Å), the BN, symmetric BH and symmetric NH stretch-
ing frequencies (ω11, ω10, ωBH , and ωNH in cm
−1), and the BN, BH, and NH frequency
shifts (∆ωBN , ∆ωBH , and ∆ωNH in cm
−1) for all the crystal models in Figure 2 at the
M06-2X/6-311++G(2df, 2pd) level of theory.




10 ωBH ωNH ∆ωBN ∆ωBH ∆ωNH
2-Cs 1.633 −0.016 0.048 2.34 729 745 2478 3498 +44 −16 0
3-Cs 1.633 −0.016 0.048 2.60 729 745 2472 3491 +44 −23 −7
5-Cs 1.630 −0.019 0.046 2.60 735 752 2468 3492 +50 −27 −6
9-Cs 1.629 −0.020 0.045 1.96 737 752 2471 3443 +52 −23 −55
11-Cs 1.616 −0.033 0.032 1.95 769 786 2467 3441 +85 −28 −57
13-C1 1.614 −0.036 0.029 1.95 776 793 2465 3440 +91 −29 −58
15-C1 1.624 −0.025 0.039 2.04 747 764 2449 3451 +62 −46 −47
19-C1 1.606 −0.043 0.022 1.95 794 811 2455 3432 +109 −40 −65
16-C1 R 1.629 −0.020 0.044 1.96 735 752 2473 3439 +50 −22 −59
L 1.626 −0.023 0.041 1.94 743 760 2452 3446 +58 −43 −51
9-C1
152 1.653 −0.036 2.03 684 2560 3706 +80 +0 +15
11-C1
152 1.625 −0.064 2.01 760 2561 3711 +156 +1 +20
19-C1
152 1.612 −0.077 2.00 798 2544 3704 +194 −16 +13
Exp’t 1.58c 2.02c 795d 811d 2435d 3332d
a 11BN stretching frequency
b 10BN stretching frequency
c Reference 135
d RUNS 77 K. This work.
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Table 3.5. The low energy intermolecular lattice modes (in cm−1) of solid ammonia borane.
IR 10 K Raman 15 K INS 30 K Raman 77 K
9-Cs 16-C1 19-C1 Ref 142 Ref 138 Ref 136 This work
BH3 twist 371 397 352 359 337 399
390 337 337 334
319
NH3 twist 198 236 193 256 221 202 210
219 235 212
209
BH3 rock 162 170 170 175 185 171 156
156
NH3 rock 152 147 158 141 159 150
138 128 150
Rotation 127 136 117 116
131
Translation 111 115 116
113
Translation 78 90 104 87 100 94
75
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3.3.6 Correlation of Spectrochemical Physical Properties
Figure 3.5a shows the correlation between changes in BN bond lengths
(∆RBN) and BN stretching frequency shifts (∆ωBN) upon complexation for all the
isolated clusters as well as the optimized BH3NH3 unit of the crystal structures in
Figure 3.2. This correlation continues in the BN bond lengths and BN stretching
frequencies (shown in Figure 3.5b). There is no clear correlation between the BN
frequency shifts and the number of monomers or the electronic binding energies or
the normalized binding energy (Figures 3.5c, 3.5e, and 3.5f). Figure 3.5d shows the
increase in electronic binding energy as the number of monomers increases in the
isolated clusters, as well as the correlation for both the symmetry equivalent (Equiv)
and centrally oriented (Center) clusters.
3.4 Conclusions
Raman under liquid nitrogen spectroscopy (RUNS) shows good agreement
with previous low temperature spectroscopic studies performed on the orthorhombic
polymorph of ammonia borane and provides a more resolved spectrum, particularly
in the BH and NH stretching regions. A rigorous comparison of methods and basis
sets on the monomer and the C2h dimer was carried out (Supporting Information)
which determined that the M06-2X/6-311++G(2df, 2pd) level of theory provides
good agreement between computational demand and an accurate description of the
unusual inter- and intramolecular interactions of (BH3NH3)n. Minimum energy iso-
lated clusters show higher energy BN stretching modes for clusters arranged around a
central BH3NH3 molecule, with frequency shifts as large as +175 cm
−1 for the 12-C3v
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Figure 3.5. Plots of the correlation between various properties of ammonia borane
clusters and crystal models. The table inserts contain the linear regression lines and
R2 values for sets of data, including the isolated clusters (Cluster, C), the crystal
models (Xtal, X) and the BH3NH3 monomer (Mon, M). See Section 3.6 for additional
details.
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Figure 3.6. Table of Content Image
cluster. The 19-C1 crystal model has a BN stretching frequency in embarrassingly
good agreement (within 2 cm−1) of the experimental RUNS data. This corresponds
to a frequency shift +109 cm−1 relative to the BN stretching frequency of the isolated
monomer. For the intermolecular and lattice modes of solid ammonia borane, 16-C1
presents the best agreement with experiment likely due to the optimization of two
central fragments rather than just one.
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CHAPTER 4
Investigating non-coventional hydrogen bonded HXH· · ·YH2 complexes
J. Coleman Howard performed all computations on the H2O dimer. Computations
on the H2O/H2S and (H2S)2 dimers were carried out by Katelyn M. Dreux.
4.1 Introduction
The importance of hydrogen bonding involving the hydroxyl (OH) group is
widely appreciated, and the water dimer has long served as a theoretical and exper-
imental paradigm for probing this important interaction.64–69 The isovalent thiol or
sulfhydryl (SH) group is also capable of participating in analogous non-covalent inter-
actions that are sometimes referred to as weak hydrogen bonds or sulfur-containing
hydrogen bonds. The properties of molecules and reactions involving H2S and other
sulfur-containing molecules have solicited few investigations since the 1970’s.70–73 De-
spite the prevalence and importance of these attractive SH interactions, particularly
in biochemical systems containing cysteine residues81,173–177 or other thiol-containing
biomolecules,74–86,178,179 the homo- and heterogeneous S analogues of (H2O)2 depicted
in Figure 4.1 have received comparatively little attention. Investigations into the ho-
mogeneous (H2S)2 and heterogeneous H2O/H2S dimers provide insight into interac-
tions with sulfur-containing molecules as well as accurate energetics and vibrational
signatures to compare with the H2O dimer.
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In the case of the heterogeneous H2O/H2S complex, two different but en-
ergetically competitive hydrogen bonding motifs can be adopted70 in which the
atom accepting the hydrogen bond, denoted Y in Figure 4.1, can be either O or
S, and HXH· · ·YH2 is used in the text to indicate the directionality of the hydro-
gen bond in the heterodimer. Both structures have been observed experimentally
in cryogenic matrices.180,181 MP2 and CCSD(T) computations182–184 indicate that
the HOH· · · SH2 arrangement (i.e., X=O and Y=S) is favored over HSH· · ·OH2
(i.e., X=S and Y=O), although the opposite conclusion can be reached if dynami-
cal electron correlation is not included.185–187 The HOH· · · SH2 configuration has a
CCSD(T) electronic dissociation energy (De) of 2.90 kcal mol
−1 near the complete
basis set (CBS) limit whereas the binding is slightly weaker (2.66 kcal mol−1) for
the HSH· · ·OH2 structure.184,188 For comparison, the magnitude of the dissociation
energy is ca. 2 kcal mol−1 larger, or approximately 5 kcal mol−1, for (H2O)2 at the
CCSD(T) CBS limit.1,189–191
The homogeneous (H2S)2 system adopts a hydrogen bonding arrangement
that is similar to its isovalent counterpart (H2O)2, but there are a couple of key struc-
tural differences. The distance between the heavy atoms in Figure 4.1, R(X· · ·Y),
is appreciably larger for X,Y=S than for X,Y=O.66,192–195 Additionally, the angle
between the X· · ·Y axis and the vector of the bisector of the H−Y−H angle of the
acceptor fragment decreases noticeably when O is replaced by S (from ca. 125◦ to
ca. 90◦) which is a trend that can also be observed in other complexes that form
hydrogen bonds with divalent S.196 The H2S dimer has been detected both in cryo-
genic matrices and the gas phase.2,181,193,197,198 MP2 and CCSD(T) computations
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indicate the hydrogen bond in (H2S)2 is appreciably weaker than the heterogeneous
system.2,75,76,183,184,187,188,199–212 It has an electronic dissociation energy of only 1.69
kcal mol−1 near the CCSD(T) CBS limit.184,212
The four SH stretching frequencies of (H2S)2 and OH stretching frequen-
cies of (H2O)2 have been measured in the gas phase
2,69,193 but not in the mixed
dimer. Matrix isolation experiments197–199,213 suggest that definitive assignment of
the stretching vibrations in the heterogeneous H2O/H2S system could be challenging
in the gas phase due to overlap with corresponding vibrational bands from the homo-
geneous H2S and H2O dimers that would also likely be present in the experiments.
Fortunately, sophisticated quantum chemistry computations can be quite helpful in
such situations. The SH stretching frequencies of the H2S dimer, for example, are
reliably reproduced when CCSD(T) harmonic vibrational frequencies are combined
with MP2 anharmonic corrections from second-order vibrational perturbation theory
(VPT2). With a high-quality quadruple-ζ correlation consistent basis set for both
methods, this procedure of combining CCSD(T) harmonic frequencies with MP2
VPT2 corrections systematically underestimates the stretching frequencies with an
average absolute deviation of 14 cm−1.212 For the H2O dimer, a similar VPT2 analysis
was also performed with the CCSD(T) method, and the average absolute deviation
from the experimental stretching frequencies was only 2 cm−1.1,214
This investigation extends these prior computational vibrational analyses to
all four dimer systems corresponding to the unique X,Y=O,S permutations in Fig-
ure 4.1. For the three sulfur-containing dimers, canonical CCSD(T) anharmonic
frequencies from VPT2 computations are presented for the first time. By examining
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the anharmonic fundamental frequencies, overtones, combination bands and their
corresponding infrared (IR) intensities at the same high level of theory, this study
provides insight into the gas-phase IR spectra of these species that will help distin-
guish spectral features of the two mixed dimer conformations from those of the two
homogeneous dimers. The effects of the harmonic and anharmonic zero-point vibra-
tional energy (ZPVE) on the energetics of mixed dimer configurations (HOH· · · SH2
and HSH· · ·OH2) is also examined.
Figure 4.1. General Cs structure of the HXH· · ·YH2 complexes, where X,Y=O,S
and Hf , Hd and H indicate the free, donor, and acceptor hydrogens, respectively. ~rbi
is the vector bisecting Θ(HYH).
4.2 Computational Details
Full geometry optimizations and harmonic vibrational frequency computa-
tions of all dimer structures and their respective monomers were performed using an-
alytic gradients and Hessians for second-order Møller-Plesset perturbation theory30
(MP2) and coupled-cluster singles, doubles, and connected triples32 (CCSD(T))
methods while employing a family of correlation consistent family of basis sets170,171
augmented with diffuse functions on heavy (non-hydrogen) atoms as well an addi-
65
tional set of tight-d functions on S (i.e. cc-pVXZ for H, aug-cc-pVXZ for O, and
aug-cc-pVD(X + d)Z for S) denoted ha(X + d)Z, where X=D,T,Q,5 for MP2 and
X=D,T,Q for CCSD(T). All MP2 and CCSD(T) computations were performed with
Gaussian09172 and CFOUR,117 respectively. MP2 optimized geometries and harmonic
vibrational frequencies were also computed employing the Boys-Bernardi counter-
poise (CP) procedure215,216 as implemented in Gaussian09 to correct for the incon-
sistency commonly referred to as basis set superposition error (BSSE).217,218 Sin-
gle point energy computations have been performed on the CCSD(T)/ha(Q+d)Z
optimized geometries at the CCSD(T)/ha(X + d)Z level of theory, where X=5,6.
Anharmonic corrections to the harmonic MP2 and CCSD(T) vibrational frequen-
cies were computed for the H2S monomer as well as the (H2S)2, HOH· · ·SH2, and
HSH· · ·OH2 dimers using the VPT2 algorithms available in Gaussian09 and CFOUR,
respectively.219 The analogous data for H2O and (H2O)2 were taken from Ref. 1.
The frozen-core approximation was adopted for all MP2 and CCSD(T) computa-
tions, omitting the two core electrons of O and ten core electrons of S from the
correlation procedure. Additionally, spherical functions (5d, 7f, 9g, 13h) were used
instead of the default Cartesian functions (6d, 10f, 15g, 21h). For the optimized ge-
ometries, the Cartesian forces did not exceed 3.5 × 10−6 Eh/a0.
4.3 Results and Discussion
4.3.1 H2S Monomer
Table 4.1 shows the experimental bond lengths, bond angles, and fundamental
vibrational frequencies of H2S as well as the corresponding deviations of a variety of
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Figure 4.2. Hydrogen-bonded dimers fully optimized within the Cs point group at
the MP2/ha(Q+d)Z level of theory.
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computed values. All theoretical values reported in Table 4.1 were computed with
the ha(Q+d)Z basis set (unless specifically noted otherwise), but it is worth noting
that increasing the size of the basis set to ha(5+d)Z changes the SH bond lengths
and HSH bond angle by less than 0.0004 Å and 0.01◦, respectively, at the MP2 level
of theory. Compared to the CCSD(T) values in Table 4.1, the MP2 SH bond lengths
are only slightly shorter (by 0.005 Å) and the HSH bond angle somewhat smaller
(by 0.1◦).
The MP2 and CCSD(T) bond lengths and angles computed with the
ha(Q+d)Z basis set deviate by less than 0.003 Å and 0.3◦ from the experimen-
tal gas-phase results reported in Ref. 192. For the corresponding VPT2 vibra-
tional frequencies, MP2 overestimates the SH stretching modes by more than 70
cm−1. This result for H2S is in stark contrast to the situation for H2O where the
MP2/haQZ VPT2 frequencies are within 15 cm−1 of experiment.1 Increasing the ba-
sis set from MP2/ha(Q+d)Z to MP2/ha(5+d)Z does not improve the description of
the SH stretching modes, as the two sets of VPT2 anharmonic vibrational frequen-
cies differ by less than 0.4 cm−1. Fortunately, the CCSD(T)/ha(Q+d)Z anharmonic
vibrational frequencies for H2S show much better agreement with experiment (± 5
cm−1).
The last two columns in Table 4.1 combine CCSD(T) harmonic frequencies
with VPT2 anharmonic corrections (δVPT2) obtained from MP2 computations with
the same basis set. These composite values show much better agreement with exper-
iment (within 12 cm−1) than the MP2/ha(Q+d)Z VPT2 frequencies with deviations
as large as +73 cm−1. These results indicate that combining the CCSD(T) harmonic
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vibrational frequencies and the VPT2 corrections computed with the MP2 method
can reliably describe the molecular vibrations of H2S despite MP2 significantly over-
estimating the fundamental SH stretching frequencies.
The VPT2 infrared (IR) intensities of the H2S monomer are very weak and
do not exceed 2 km mol−1 at any level of theory used in this investigation. There are
several overtones (2 νi) and combination bands (νi + νj where i 6= j) of H2S with
IR intensities nearly equal to those of the fundamental modes. The first overtone of
ν2 (2 ν2) appears in the SH stretching region with an IR intensity similar to that of
ν1. It is also worth noting that the ν1+ν2 and ν1+ν3 peaks combination bands ca.
3800 cm−1 have the largest VPT2 IR intensities at the CCSD(T)/ha(Q+d)Z level
of theory, but the magnitude still does not exceed 1 km mol−1. The geometrical
parameters and Cartesian coordinates of the optimized structures as well as the full
set of frequencies and IR intensities can be found in the Supporting Information for
both the harmonic and VPT2 computations discussed in this section.
Table 4.1. Experimental geometrical parameters (R in Å and Θ in degrees) and fun-
damental vibrational frequencies (ν in cm−1) of H2S along with deviations associated
with select optimized structures and VPT2 frequencies.
Expt. MP2 CCSD(T) CCSD(T)a,b Compositeb
Refs. 192, 193 ha(Q+d)Z ha(Q+d)Z aug-cc-pVQZ ha(Q+d)Z
R(SH) +1.3356 −0.0028 +0.0027 +0.0043 +0.0027
Θ(HSH) +92.11 +0.14 +0.26 +0.25 +0.26
ν3 asym 2628 +73 −2 +6 +11
ν1 sym 2614 +71 +4 +6 +12
ν2 bend 1183 +4 −1 −3 0
a Ref. 212
b CCSD(T) harmonic frequencies with MP2 VPT2 corrections
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4.3.2 Dimer Geometries
Fig. 4.2 shows the four hydrogen bonded dimers being compared in this study,
(H2S)2, HOH· · ·SH2, HSH· · ·OH2, and (H2O)2. The intramolecular bond lengths and
angles (R(XHd), R(XHf ), and Θ(HdXHf ) of the donor fragment and R(YH) and
Θ(HYH) of the acceptor fragment) in the sulfur-containing dimers change by less
than 0.001 Å and 0.1◦, respectively, when increasing the basis set from ha(Q+d)Z to
ha(5+d)Z at the MP2 level of theory. The CP procedure changes the MP2/ha(Q+d)Z
intramolecular bond lengths by approximately 0.0002 Å and the intramolecular bond
angles by less than 0.03◦. MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z XH and YH
bond lengths differ by 0.006 Å or less while the HXH and HYH bond angles are
identical.
Similar to the trends just described for the intramolecular bond lengths and
angles, the four intermolecular parameters of interest are quite insensitive to the
use of basis sets larger than ha(Q+d)Z and the use of the CP procedure, neither of
which changes R(X· · ·Y) and R(Hd· · ·Y) by more than 0.02 Å or Θ(XHd· · ·Y) and
Θ(X· · ·Y ~rbi) by more than 1◦. More significant deviations are observed, however, be-
tween the MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z optimized intermolecular bond
lengths and angles, but the differences still do not exceed 0.06 Å and 5◦, respectively.
Based on the performance of the ha(Q+d)Z basis set described above, Ta-
ble 4.2 lists only the CCSD(T)/ha(Q+d)Z intramolecular bond lengths and angles
for these different HXH· · ·YH2 complexes. Interestingly, the intramolecular bond
lengths and angles of the hydrogen bonded acceptor do not depend appreciably on
the identity of the donor. If H2O accepts a hydrogen bond from H2O vs. H2S, the
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acceptor bond lengths differ by approximately 0.001 Å and the HYH bond angle by
less than 0.1◦ (bottom left of Table 4.2). The changes are even smaller when H2S is
the acceptor (bottom right of Table 4.2). Similarly, the geometrical parameters of the
donors do not depend on whether the acceptor is H2O or H2S. Comparing (H2O)2
to HOH· · ·SH2 (top left of Table 4.2), the donor and free bond lengths (R(XHd) and
R(XHf ), respectively) differ by approximately 0.002 Å and the bond angles by 0.1
◦.
The same trend occurs when H2S is the donor in (H2S)2 and HSH· · ·OH2 (top right
of Table 4.2) where the donor and free bond lengths differ by 0.001 Å or less and the
bond angle does not change by more than 0.1◦.
Table 5.1 lists some CCSD(T)/ha(Q+d)Z optimized intermolecular bond
lengths and angles that are defined by the labels in Fig. 4.1. As expected based
on their relative atomic van der Waals and density radii (0.66 and 1.55 Å for O and
1.04 and 1.80 Å for S),220–222 the intermolecular heavy atom distance (R(X· · ·Y))
increases by approximately 0.6 Å whenever X or Y changes from O to S. The in-
termolecular hydrogen bond length (R(Hd· · ·Y)) also increases for the same reason
((H2O)2 < HSH· · ·OH2 < HOH· · ·SH2 < (H2S)2). For the mixed H2O/H2S con-
figurations, HOH· · ·SH2 has an intermolecular hydrogen bond length that is 0.3 Å
longer than its HSH· · ·OH2 counterpart. There are two intermolecular bond an-
gles that are of particular interest in this study, the hydrogen bond angle denoted
Θ(XHd· · ·Y) and the acceptor tilt angle between the X· · ·Y axis and the vector bi-
secting the HYH angle of the acceptor, labeled ~rbi in Fig. 4.1. The latter angle is
denoted Θ(X· · ·Y~rbi) in Table 5.1. The hydrogen bond angles, Θ(XHd· · ·Y), are all
quasi-linear, ranging from 164◦ for HOH· · ·SH2 to 176◦ for HSH· · ·OH2. The accep-
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tor tilt angle, Θ(X· · ·Y~rbi), is much larger when H2O accepts the hydrogen bond in
(H2O)2 and HSH· · ·OH2 than when H2S accepts the hydrogen bond in (H2S)2 and
HOH· · ·SH2 (125◦ and 151◦ vs. 90◦ and 81◦, respectively) due to the differences in
the orbital hybridization of O and S in the monomer.223 This significant change is
readily apparent in the heterodimer where interchanging the identity of the donor
and acceptor from HOH· · ·SH2 to HSH· · ·OH2 increases Θ(X· · ·Y~rbi) by approxi-
mately 70◦. The Cartesian coordinates and tables of geometrical parameters of all
sulfur-containing dimers can be found in the Supporting Information.
The vibrationally averaged intermolecular bond lengths, Rα(X· · ·Y) and
Rα(XHd· · ·Y), of each HXH· · ·YH2 dimer are listed in Table 5.1. For the X· · ·Y
heavy atom distance the Rα(X· · ·Y) values differ from their equilibrium counterparts
by 0.07 Å or less with the dimers where H2O accepts the hydrogen bond ((H2O)2
and HSH· · ·OH2) having slightly larger deviations. The equilibrium and vibrationally
averaged intermolecular hydrogen bond lengths (R(XHd· · ·Y) and Rα(XHd· · ·Y), re-
spectively) have a deviation of at least 0.10 Å for all dimers, which is not unexpected
given the relatively small molar mass of H. Overall, the same trends of the X· · ·Y
distance elongating by approximately 0.6 Å as H2O fragments are replaced with H2S
and the intermolecular hydrogen bond lengths increasing from (H2O)2 < HOH· · ·SH2
< HSH· · ·OH2 < (H2S)2 remains the same for both equilibrium and vibrationally
averaged intermolecular bond lengths. Experimentally, the O· · ·O intermolecular
distance of the H2O dimer is 2.98 Å, which is within 0.01 Å of the Rα(X· · ·Y) value
of 2.97 Å.1,224 Based on this agreement, the CCSD(T) method with an ha(Q+d)Z
basis seems to be accurately describing these small hydrogen bonded complexes.
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Table 4.2. Select CCSD(T)/ha(Q+d)Z optimized bond lengths (R in Å) and angles
(Θ in degrees) of the hydrogen bonded dimers. All (H2O)2 values taken from Ref 1.
H2O Donor (X=O) H2S Donor (X=S)
Y=O Y=S Y=O Y=S
R(XHd) 0.965 0.963 1.342 1.341
R(XHf ) 0.958 0.959 1.338 1.338
Θ(HXH) 104.7 104.6 92.7 92.6
H2O Acceptor (Y=O) H2S Acceptor (Y=O)
X=O X=S X=O X=S
R(YH) 0.960 0.959 1.339 1.339
Θ(HYH) 104.8 104.7 92.4 92.5
Table 4.3. Select CCSD(T)/ha(Q+d)Z optimized intermolecular equilibrium bond
lengths (R in Å), vibrationally averaged intermolecular bond lengths (Rα in Å), and
angles (Θ in degrees) of the hydrogen bonded dimers (shown in Fig. 4.1). All (H2O)2
values taken from Ref. 1.
Intermolecular Parameters
(H2O)2 HSH· · ·OH2 HOH· · ·SH2 (H2S)2
R(X· · ·Y) 2.91 3.56 3.49 4.16
R(Hd· · ·Y) 1.95 2.22 2.55 2.83
Rα(X· · ·Y) 2.97 3.61 3.52 4.20
Rα(Hd· · ·Y) 2.03 2.31 2.65 2.94
Θ(XHd· · ·Y) 173 176 164 171
Θ(X· · ·Y~rbi) 125 151 81 90
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4.3.3 Dimer Energetics
Table 5.2 lists the electronic dissociation energies without (De) and with zero-
point vibrational energy (ZPVE) corrections from the harmonic approximation and
from VPT2 anharmonic computations (Dharm0 and D
V PT2
0 , respectively) as well as the
CP-corrected electronic dissociation energies (DCPe ) for the hydrogen bonded dimers.
Additional thermodynamic quantities, such as the enthalpy, entropy and free energy
are also listed (∆H, ∆S, and ∆G). MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z en-
ergetics indicate that (H2S)2 is the most weakly bound of the dimers examined,
that (H2O)2 is the most strongly bound and that the two configurations of the het-
erodimer fall somewhere in between: (H2S)2 < HSH· · ·OH2 ≈ HOH· · ·SH2 < (H2O)2.
At the CCSD(T)/ha(Q+d)Z level of theory, the electronic dissociation energies (De)
are 2.68 and 2.91 kcal mol−1 for HSH· · ·OH2 and HOH· · ·SH2, respectively, but only
1.67 kcal mol−1 for (H2S)2. These values agree to within 0.02 kcal mol−1 of previ-
ous estimates of the CBS limit CCSD(T) electronic dissociation energies for these
dimers.184 As can be seen in Table 5.2, the inclusion of CCSD(T)/ha(Q+d)Z VPT2
ZPVE corrections causes an appreciable (roughly 40%) decrease in the dissociation
energy, which is particularly noticeable in the H2S dimer where D
V PT2
0 drops be-
low 1 kcal mol−1. The CCSD(T)/ha(Q+d)Z DV PT20 values of (H2O)2, HSH· · ·OH2,
HOH· · ·SH2, and (H2S)2 are 3.11, 1.71, 1.66, and 0.95 kcal mol−1, respectively, which
is consistent with previous estimates of the dissociation energies of HSH· · ·OH2,
HOH· · ·SH2, and (H2S)2 compared to that of (H2O)2.184,188,212 For (H2O)2, D0 has
been experimentally measured as 3.16 kcal mol−1, which shows very good agree-
ment with CCSD(T)/ha(Q+d)Z DV PT20 of 3.11 kcal mol
−1.1,225 Similar agreement
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could be expected for (H2S)2, HSH· · ·OH2, and HOH· · ·SH2, should low temperature
gas-phase D0 become available.
The enthalpy of dimerization (∆H) of the H2O dimer at 373 K is estimated
to be −3.59±0.5 kcal mol−1 in the gas-phase while the entropy (∆S) is approxi-
mately −18.59±1.3 cal mol−1 K−1.226 At the CCSD(T)/ha(Q+d)Z level of theory,
∆H and ∆S of (H2O)2 at 298.15 K are −3.55 kcal mol−1 and −20.05 cal mol−1
K−1, respectively, indicating that these thermodynamic quantities are adequately
described despite the differences in temperature.1 The enthalpies of dimerization of
(H2O)2, HSH· · ·OH2, HOH· · ·SH2, and (H2S)2, are −3.55, −1.53, −1.68, and −0.55
kcal mol−1, respectively, and follows a similar trend as the dissociation energies,
where ∆H of (H2O)2 is the most favorable, HSH· · ·OH2 and HOH· · ·SH2 are close
in enthalpy, and ∆H of (H2S)2 is less than a third that of the H2O dimer. For all
the hydrogen-bonded dimers, the CCSD(T)/ha(Q+d)Z free energies of dimerization
(∆G) are unfavorable indicating that the formation of these dimers at 298.15 K is
not spontaneous and the largest contribution to the free energy arises from entropy.
The two configurations of the H2O/H2S dimer are essentially isoenergetic,
and the identity of the lowest energy structure depends on whether the ZPVE is
included or not. Examining the electronic energies, the HOH· · ·SH2 configuration
lies approximately 0.2 kcal mol−1 below the HSH· · ·OH2 structure, despite having a
slightly longer intermolecular hydrogen bond length. At the MP2/ha(Q+d)Z level
of theory, the inclusion of ZPVE corrections (harmonic and anharmonic) reverses
the situation and leads to an HSH· · ·OH2 minimum that is slightly lower in energy
(by 0.06 and 0.13 kcal mol−1, respectively) than HOH· · ·SH2. If harmonic and an-
75
harmonic ZPVE effects are instead computed at the CCSD(T)/ha(Q+d)Z level of
theory, this energetic separation decreases to only 0.01 kcal mol−1 with the harmonic
ZPVE corrections and 0.06 kcal mol−1 with the VPT2 ZPVE corrections. These
relative energies change by less than 0.01 kcal mol−1 when larger basis sets are used
(X=5,6) or the CP procedure is employed. This competition between giving or
receiving a hydrogen bond is remarkably similar to the situation for the HF/HCl
dimer where the FH· · ·ClH configuration lies 0.2 kcal mol−1 below the ClH· · ·FH
minimum near the CCSD(T) CBS limit, but the two minima become isoenergetic
(within 0.03 kcal mol−1) after the ZPVE correction is included.227 In contrast, the
HF/H2O dimer has only one configuration that corresponds to a minimum (where
HF donates a hydrogen bond to H2O).
228
Not surprisingly the dissociation energies are more sensitive to the meth-
ods and basis sets used than the relative energies of the two H2O/H2S configura-
tions. For both MP2 and CCSD(T) as the size of the basis set increases for the
sulfur containing dimers, De changes by 0.17 kcal mol
−1 or less from ha(D+d)Z
to ha(T+d)Z and by 0.04 kcal mol−1 or less from ha(T+d)Z to ha(Q+d)Z. De of
the two H2O/H2S dimers converges more quickly than that of (H2S)2, particularly
with the MP2 method where the electronic dissociation energy of the H2S dimer
changes by approximately 0.01 kcal mol−1 going from ha(Q+d)Z to ha(5+d)Z and
0.01 kcal mol−1 going from ha(5+d)Z to ha(6+d)Z. Single point energy computations
on the CCSD(T)/ha(Q+d)Z optimized geometries with an ha(5+d)Z or ha(6+d)Z
basis change the CCSD(T) electronic dissociation energies by approximately 0.01 kcal
mol−1, indicating that the electronic dissociation energy is reasonably converged with
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the ha(Q+d)Z basis set. MP2/ha(Q+d)Z overestimates the CCSD(T)/ha(Q+d)Z De
values for (H2S)2, HSH· · ·OH2, and HOH· · ·SH2 by approximately 0.2 kcal mol−1 de-
spite agreeing to within 0.02 kcal mol−1 for (H2O)2. The MP2/ha(Q+d)Z dissociation
energies of HSH· · ·OH2, HOH· · ·SH2, and (H2S)2 with harmonic ZPVE corrections
change by less than 0.02 kcal mol−1 when the basis set is increased from ha(Q+d)Z
to ha(5+d)Z. The MP2/ha(Q+d)Z CP and non-CP corrected electronic dissociation
energies differ by no more than 0.12 kcal mol−1. At the CCSD(T)/ha(Q+d)Z level
of theory, CP corrections change the electronic dissociation energy by approximately
0.10 kcal mol−1. See the Supporting Information for tables of the dissociation ener-
gies of all dimers with all basis sets considered here along with the individual ZPVE
contributions of the sulfur-containing dimers.
4.3.4 Dimer Vibrational Frequencies
As with the energetic quantities, the harmonic vibrational frequencies (see
the Supporting Information) of these dimers are well converged with the ha(Q+d)Z
basis set. With the MP2 method, the ha(Q+d)Z and ha(5+d)Z harmonic vibrational
frequencies of (H2S)2, HOH· · ·SH2, HSH· · ·OH2 differ by less than 4 cm−1. The CP
procedure also has a small impact on the vibrational frequencies computed with
these large correlation consistent basis sets, changing the MP2/ha(Q+d)Z harmonic
frequencies by less than 7 cm−1. Far more significant deviations are observed between
the CCSD(T)/ha(Q+d)Z and MP2/ha(Q+d)Z harmonic frequencies where the latter
overestimates the former by as much as 80 cm−1 for the SH stretching modes. This
is a stark contrast from (H2O)2 where MP2/haQZ and CCSD(T)/haQZ harmonic
frequencies agree to within approximately 20 cm−1.1
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Table 4.4. Select MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z dissociation energies
with and without counterpoise-corrections (De and D
CP
e in kcal mol
−1), including
the harmonic and VPT2 zero-point vibrational corrected dissociation energies (Dharm0
and DV PT20 in kcal mol
−1), and thermodynamical quantities at 298.15 K (∆Ha, T∆Sa,
and ∆Ga in kcal mol−1) of the hydrogen-bonded dimers. All (H2O)2 values taken
from Ref. 1.
(H2O)2 HSH· · ·OH2 HOH· · ·SH2 (H2S)2
MP2
De +4.99 +2.81 +3.02 +1.88
DCPe +4.87 +2.71 +2.91 +1.79
Dharm0 +2.92 +1.66 +1.60 +0.99
DV PT20 +3.15 +1.86 +1.73 +1.14
∆H −3.37 −1.50 −1.65 −0.64
T∆S −7.19 −4.49 −4.98 −3.85
∆G +2.62 +2.98 +3.33 +3.21
CCSD(T)
De +5.01 +2.68 +2.91 +1.66
DCPe +4.87 +2.59 +2.81 +1.59
Dharm0 +2.92 +1.51 +1.50 +0.80
DV PT20 +3.11 +1.71 +1.66 +0.95
∆H −3.55 −1.53 −1.68 −0.55
T∆S −5.98 −4.43 −4.90 −3.62
∆G +2.43 +2.89 +3.22 +3.06
a Computed as E[HXH· · ·YH2] − E[H2X] − E[H2Y]
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The VPT2 anharmonic SH stretching frequencies of (H2S)2 are listed in Table
4.5 and no overtone or combination bands were included due to their weak IR inten-
sities (less than 2 km mol−1). As in the anharmonic spectrum of (H2O)2, there are
four resonances (two Fermi and two Darling-Dennison) present in (H2S)2.
1 These
resonances fall below 500 cm−1 and do not perturb the SH stretching modes of
(H2S)2.
60–62 A previous experimental gas-phase study assigned both the asymmetric
SH acceptor (ν9) and free SHf (ν1) stretching frequencies at 2618 cm
−1, the sym-
metric SH (ν2) acceptor frequency at 2605 cm
−1, and the donor SHd (ν3) stretching
frequency at 2590 cm−1.2 (Refer to Fig. 4.1 for the definition of XHf , XHd and
YH bonds.) The CCSD(T)/haQZ VPT2 vibrational frequencies of (H2S)2 presented
in this work show good agreement (within +5 cm−1) for the acceptor stretches and
the SHf stretch. The largest deviation (+16 cm
−1) occurs for the SHd stretching
frequency. As with the H2S monomer, MP2/ha(Q+d)Z significantly overestimates
the experimental SH stretching frequencies (by up to +79 cm−1) even after includ-
ing the corresponding VPT2 corrections. The composite method, which combines
the CCSD(T)/ha(Q+d)Z harmonic frequencies with the MP2/ha(Q+d)Z VPT2 cor-
rections, decreases the maximum discrepancy to +31 cm−1. Interestingly, although
the MP2/ha(Q+d)Z VPT2 procedure significantly overestimates the SH stretching
frequencies for both H2S and (H2S)2, it provides the most accurate estimate of the
experimental donor frequency shift (with respect to the symmetric stretch of the H2S
monomer, ∆ν(XHd)), of −22 cm−1 due to fortuitous error cancellation.
Table 4.6 lists the CCSD(T)/ha(Q+d)Z VPT2 stretching frequencies of the
two H2O/H2S dimer configurations as well any overtones or combination bands with
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an IR intensity greater than 1 km mol−1. The HSH· · ·OH2 and HOH· · ·SH2 structures
have two and three Fermi resonances, respectively, all of which fall well below 500
cm−1. Consequently, the CCSD(T)/ha(Q+d)Z VPT2 IR spectrum of HOH· · ·SH2
has eight peaks in the SH to OH region with an intensity ≥ 2 km mol−1 of which four
are fundamental modes, one is an overtone, and three are combination bands. For
HSH· · ·OH2, there are also eight peaks with IR intensities larger than 1 km mol−1 in
the XH stretching regions of which four are fundamental modes and four are over-
tones. The fundamental XH stretching frequencies of HSH· · ·OH2 and HOH· · ·SH2
are very close in energy (usually within 6 cm−1) except for the OH donor stretch of
HOH· · ·SH2. At the CCSD(T)/ha(Q+d)Z level of theory, the XHd donor frequency
shifts for HSH· · ·OH2 and HOH· · ·SH2 are −10 and −34 cm−1 with respect to the
symmetric stretch of the corresponding monomer. The most intense fundamentals
in the mixed dimer correspond to the free and donor OH stretches (ν1 and ν2) in the
HOH· · ·SH2 configuration and the donor SHd stretch (ν3) and the a′′ OH acceptor
stretch (ν9) of HSH· · ·OH2. For HOH· · ·SH2, there is one combination band with
a noticeable IR intensity (ν7+ν2) which appears close to the free OH stretch (ν1).
HSH· · ·OH2 has two combination bands with noticeable IR intensities (ν12+ν9 and
ν11+ν9) that appear at higher energy than any of the fundamental modes.
In 1978, an experimental study of H2O/H2S mixtures in an N2 matrix at
20 K reported peaks in the IR spectrum at 3719, 3628, 2624, 2574 and 2570 cm−1
that were assigned to the HSH· · ·OH2 configuration of the heterodimer, all of which
had noticeable intensities.180 Six years later another spectroscopic investigation of
H2O/H2S in an Ar matrix also at 20 K identified features at 3703, 3662, 3590,
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3536 and 2587 cm−1 that were attributed to the presence of both dimer structures
(HSH· · ·OH2 and HOH· · ·SH2).181 The peaks corresponding to the H2O/H2S dimer
observed in the OH stretching region have intensities that are less than half that of
other peaks in the same region in Ar matrix. This seems to agree with the relatively
weak VPT2 IR intensities computed for the H2O/H2S dimers and indicates that
although the OH stretching frequencies do shift upon complexation there is not a
significant corresponding increase in IR intensity like that observed in the H2O dimer.
In contrast the SH stretching modes corresponding to the H2O/H2S dimer are some
of the larger peaks in the SH stretching region, however no information is given
with respect to the relative intensities of the peaks in the OH and SH stretching
regions. The experimental Ar matrix study also observed that the IR intensities of
the SH stretching modes increases substantially in the H2O/H2S spectrum compared
to that of the H2S monomer, a trend that is also seen in the VPT2 IR intensities
presented in this work.181 The assignments, however, are far from conclusive given
the significant quantitative and qualitative differences between these experimental
spectra. Furthermore, neither the individual nor the combined VPT2 IR spectra
for the two isolated minima of the H2O/H2S dimer provide a clear match with the
experimental spectra. Altogether, these inconsistencies suggest that interactions with
the matrix could be perturbing the spectra of the H2O/H2S dimer. It is also plausible
that other species (e.g., trimers) could be responsible for some of the spectral features.
The harmonic vibrational frequencies and IR intensities can be found in the SI along
with the corresponding data for the VPT2 fundamentals, overtones and combination
bands.
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Table 4.5. Select haQ(+d)Z VPT2 vibrational frequencies of (H2S)2 (ν in cm
−1)
along with their irreducible representations and and XHd frequency shifts (∆ν in
cm−1) as well as the deviation between VPT2 frequencies from experimental gas
phase results taken from Ref. 2.
Mode Irrep. Expt. MP2 Compositea CCSD(T)
SHd ν3 a
′ 2590 +73 +31 +16
SH ν2 a
′ 2605 +77 +19 +5
SHf ν1 a
′ 2618 +78 +17 +3
SH ν9 a
′′ 2618 +79 +18 +5
∆ν(SHd) ∆ν3 . . . −24 +2 +19 +12
a CCSD(T)/ha(Q+d)Z harmonic frequencies with MP2/ha(Q+d)Z VPT2 corrections
Table 4.6. Select CCSD(T)/ha(Q+d)Z VPT2 vibrational frequencies (ν in cm−1)
along with their irreducible representations, IR intensities (I in km mol−1), and
XHd frequency shifts (∆ν in cm
−1) of the H2O/H2S dimers. Overtones (OT) and
combination bands (CB) with an IR intensity greater than 1 km mol−1 are also listed.
HOH· · ·SH2 HSH· · ·OH2
Mode Irrep. ν I Mode Irrep. ν I
SH ν3 a
′ 2608 2 SHd ν3 a′ 2608 55
SH ν9 a
′′ 2621 3 SHf ν2 a′ 2615 4
OHd ν2 a
′ 3621 106 OH ν1 a′ 3637 8
OHf ν1 a
′ 3731 112 OH ν9 a′′ 3734 72
∆ν(OHd) ∆ν2 . . . −34 . . . ∆ν(SHd) ∆ν3 . . . −10 . . .
Mode ν I Mode ν I
OT ν4 ν4 3169 3 CB ν4 ν3 2869 4
CB ν7 ν2 3723 9 CB ν7 ν1 3647 2
CB ν12 ν1 3779 2 CB ν11 ν9 3791 9
CB ν11 ν1 3817 2 CB ν12 ν9 3792 6
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4.4 Conclusions
From this investigation of these sulfur-containing hydrogen bonded dimers,
several important results arise. VPT2 anharmonic frequencies computed the
CCSD(T) method and ha(Q+d)Z basis set are within 5 cm−1 of the available exper-
imental data for H2S and its homogeneous dimer except for the donor SHd stretch
of (H2S)2 where the deviation grows to 16 cm
−1. In contrast MP2/ha(Q+d)Z VPT2
anharmonic frequencies overestimate the experimental SH stretches by at least 70
cm−1. The CCSD(T)/ha(Q+d)Z energy difference between the two H2O/H2S config-
urations decreases from 0.23 kcal mol−1 (HOH· · ·SH2 lower in energy) without ZPVE
corrections to 0.01 and 0.06 kcal mol−1 (HSH· · ·OH2 is slightly lower in energy) upon
the inclusion of harmonic and VPT2 anharmonic ZPVE corrections, respectively.
Based on this small energetic difference both HSH· · ·OH2 and HOH· · ·SH2 are likely
to be present under most experimental conditions. The CCSD(T)/ha(Q+d)Z anhar-
monic frequencies presented here (including overtones and combination bands with
non-negligible IR intensities) will help assign spectral features from and distinguish
between the two isoenergetic configurations of the H2O/H2S dimer.
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CHAPTER 5
Exploring the (H2S)2 potential energy surface
5.1 Introduction
Recently sulfur-containing compounds have garnered attention for their
strong noncovalent interactions, and one of the simplest of these compounds,
H2S, is of particular interest as it is a byproduct of certain pharmacological com-
pounds139,229–237. Despite this growing interest and potential applications, relatively
little is known about H2S compared to the isovalent H2O. The potential energy sur-
face of the H2O dimer, for instance, has been extensively explored and characterized
using a variety of computational methods and techniques1,64,65,189–191. As a result, ten
(H2O)2 stationary points were identified and throughly characterized with CCSD(T)
computations employing a triple-ζ basis set190. Only one configuration corresponded
to minimum (i.e. the number of imaginary frequencies, ni, corresponded to 0) with a
dissociation energy around 21 kJ mol−1 near the CCSD(T) complete basis set (CBS)
limit. The other configurations were found to lie within 15 kJ mol−1 of the global
minimum at the CCSD(T)/CBS limit. Three configurations were transition states
(ni = 1) and the others were higher-order saddle points (ni ≥ 2)190.
Comparatively, the isovalent H2S dimer has been studied far less rigor-
ously. Most of the previous computational investigations into (H2S)2 have fo-
cused on the hydrogen bonded Cs global minimum labeled Structure I in Fig.
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5.12,70,183–185,188,202,204,207,209–212. Only a few studies have considered alternate con-
figurations of (H2S)2
186,187,199,208,238. For the (H2S)2 hydrogen bonded configura-
tion (Structure I), the dissociation energy is 7.11 kJ mol−1 at the CCSD(T)/CBS
limit184,212 which is much weaker than that of (H2O)2 (ca. 21 kJ mol
−1)1,190. How-
ever, (H2S)2 is still more strongly bound than other small dimer complexes like
H2O/N2 and H2O/O2 which have dissociation energies of less than 6 kJ mol
−1 239,240.
The effects of basis set superposition error are relatively minor for both (H2O)2 and
(H2S)2 (less than 0.1 kJ mol
−1) at the CCSD(T)/CBS limit190,212. As with (H2O)2,
it has been demonstrated to obtain accurate energies, geometries, and harmonic vi-
brational frequencies for the H2S dimer that CCSD(T) with at least a triple-ζ basis
set is required212. Unlike the (H2O)2 global minimum which exhibits substantial
changes in OH bond lengths and vibrational stretching frequencies upon dimeriza-
tion, Structure I of the H2S dimer shows very little change in either SH bond lengths
or vibrational stretching frequencies (see Chapter 5).
Structures I, III, VI, VIII, and X (Fig. 5.1) have been previously identi-
fied using either Hartree-Fock (HF), semi-empirical methods or molecular mechan-
ics186,187,199,238. Structures I and III have nearly identical configurations, barring the
orientation of acceptor hydrogens. In all these investigations, Structure I is the low-
est in energy. Only one study computed harmonic vibrational frequencies for some
of these configurations which revealed that Structure I is the only minimum on the
HF/4-31G(s, p) potential energy surface and Structures VI and VIII are higher-order
saddle points238. Structures I and III were identified using a molecular mechanics for
clusters model potential that also indicated the barrier for interconversion between
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the two configurations was approximately 0.8 kJ mol−1 186,187.
The focus of this paper is the systematic investigation of the low-energy sta-
tionary points on the (H2S)2 potential energy surface. For the first time, twelve dif-
ferent configurations of the H2S dimer are identified and characterized at the same
level of theory. Structures II, IV, V, and IX are new stationary points that have not
been previously identified to our knowledge. Furthermore, this study presents the
first MP2 and CCSD(T) optimized geometries and harmonic vibrational frequencies
for Structures I to XII near the CBS limit. The geometries, energetics, and harmonic
vibrational frequencies of each configuration are computed to better understand the
(H2S)2 potential energy surface and how it compares to that of (H2O)2.
5.2 Computational Details
Full geometry optimizations and harmonic vibrational frequencies of all
(H2S)2 configurations shown in Fig. 5.1 and the H2S monomer were performed us-
ing the analytic gradients and Hessians for second-order Møller-Plesset perturbation
theory (MP2)30 and the CCSD(T) coupled-cluster method with singles, doubles,
and perturbative triples substitutions31,32 while employing a family of correlation
consistent basis sets170,171 and including diffuse functions and an additional set of
tight-d functions on S (i.e. cc-pVXZ for H and aug-cc-pVD(X + d)Z for S), denoted
ha(X + d)Z where X=D,T,Q,5 for MP2 and X=D,T,Q for CCSD(T). All MP2
and CCSD(T) computations were performed with Gaussian09 and CFOUR, respec-
tively117,172. CCSD(T)/ha(X+d)Z single point energy computations (where X=5,6)
were performed on both the MP2/ha(5+d)Z and CCSD(T)/ha(Q+d)Z optimized
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Figure 5.1. (H2S)2 structures examined in this study along with their corresponding
point group symmetries and atom numbering schemes.
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geometries using Molpro2015241. To assess the effect of the inconsistency referred
to as basis set superposition error215,216 (BSSE), additional computations were per-
formed on the MP2/ha(X + d)Z and CCSD(T)/ha(X + d)Z optimized geometries
using the Boys-Bernardi counterpoise procedure (CP) as detailed elsewhere242. The
frozen-core approximation was adopted for all MP2 and CCSD(T) computations,
excluding the 10 core electrons of S from the correlation procedure. Additionally,
spherical functions (5d, 7f, 9g, 11h, 13i) were used instead of the Cartesian functions
(6d, 10f, 15g, 21h, 28i). For the optimized geometries, the final Cartesian forces did
not exceed 6.8 × 10−6 Eh/a0.
5.3 Results and Discussion
5.3.1 Structures
Twelve low-energy configurations (I-XII in Fig. 5.1) of the H2S dimer
have been identified and numbered in ascending relative energy based on
CCSD(T)/ha(Q+d)Z computations. This ordering, as well as the number of imagi-
nary frequencies associated with each stationary point, is consistent across all levels
of theory except for MP2/ha(D+d)Z and CCSD(T)/ha(D+d)Z. For Structure II,
the ha(D+d)Z basis set overestimates the relative energy and gives the impression
that Structure II is higher in energy than Structure IV. In the case of Structure IX,
MP2/ha(D+d)Z and CCSD(T)/ha(D+d)Z harmonic vibrational frequencies compu-
tations have a ni of three but when the size of the basis set is increased Structure
IX has only two imaginary frequencies. MP2/ha(D+d)Z also switches the energetic
ordering of Structures IX and X. At all levels of theory, Structures I, II and III are
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the only minima (ni = 0). Structures IV-VII are transition states (ni = 1) while
Structures VIII-XII are higher-order saddle points (ni = 2 or 3). The Cartesian
coordinates of optimized structures and the corresponding harmonic vibrational fre-
quencies for Structures I-XII at the MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z levels
of theory are provided in the Supporting Information.
Comparing these H2S dimer configurations to their H2O dimer counterparts,
the Cs global minimum (I), the C1 transition state (IV), the Ci cyclic transition
state (VI), and the Cs planar second-order saddle point (XI) have not only the same
qualitative structures but also the same number of imaginary frequencies190. In
contrast, Structures II (Cs local minimum), VII (C2 cyclic), VIII (C2v planar), IX
(C2h bifurcated), X (C2h cyclic), and XII (C2v planar) have a different number of
imaginary vibrational frequencies (±1) than the analogous (H2O)2 stationary points.
Finally, Structures III and V do not correspond to any structure on the (H2S)2
potential energy surface. This indicates that despite similarities between (H2O)2
and (H2S)2 configurations, their respective potential energy surfaces are qualitatively
different.
Interestingly, the structure of H2S changes very little upon dimerization
and is quite insensitive to the orientation of the fragments in the dimer. The
CCSD(T)/ha(Q+d)Z optimized H2S monomer has an SH bond length of 1.338 Å
and an HSH bond angle of 92.4◦. These intramolecular geometrical parameters are
essentially unchanged in all twelve dimer configurations shown in Fig. 5.1. In the
largest deformations, the SH bond elongates by only 0.003 Å to 1.341 Å for the single
hydrogen bond donors in Structures I, III, and IV. In all other instances the SH bond
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length is either 1.338 or 1.339 Å regardless of whether an H atom is involved in a
hydrogen bond or not. Similarly, the changes in the HSH bond angle are minuscule,
and this intramolecular bond angle adopts only a small range of values (92.5±0.5◦).
For the H2O dimer, several different configurations undergo shifts in intramolecular
OH bond lengths and HOH bond angles up to 0.006 Å and 2.6◦, respectively, upon
dimerization at the CCSD(T)/TZ2P(f, d)+dif level of theory190.
The CCSD(T)/ha(Q+d)Z intermolecular distances, dipole moments, and
number of imaginary frequencies of Structures I-XII are shown in Table 5.1. Struc-
tures II and X have the shortest heavy atom distance of 3.73 and 3.65 Å, respectively.
Structures VI and VII have the shortest intermolecular H· · ·H distance by more than
0.3 Å. Unsurprisingly, the configurations resembling a single donor/single acceptor
hydrogen bonded complex (Structures I, III, IV, and XI) have the shortest distances
between the donor H (Hd) and the acceptor S. Structure III, which is a minimum,
has one of the longer intermolecular H3· · · S4 bond lengths of 3.40 Å. This is con-
sistent with its (H2O)2 counterpart, which also exhibits a one of the largest O· · ·Hd
separations190.
The dipole moments of the different (H2S)2 configurations span from 0 to
2.19 Debye with Structures VIII and XII having the largest and Structures I and II
having the smallest, non-zero dipole moments. Structures VI, IX, and X have no
dipole moment due to symmetry. The H2O dimer stationary points have a broader
range of dipole moments, from 0 to 4.15 Debye. Although the dipole moments of
the (H2O)2 dimers are more substantial, the C2v non-planar (VIII) and C2v planar
(XII) configurations of the H2O dimer also have the largest dipole moments while
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the cyclic C2 (VII) and the hydrogen bonded Cs minimum (I) have the smallest
190.
Table 5.1. Select CCSD(T)/ha(Q+d)Z intermolecular bond lengths (R in Å), dipole
moments (~µ in Debye), and number of imaginary frequencies (ni) of the (H2S)2
stationary points.
R(S2· · · S4) R(H3· · ·H5) R(H3· · ·H6) R(H3· · · S4) ~µ ni
I 4.16 3.18 3.18 2.83 1.06 0
II 3.73 3.32 3.32 3.40 1.00 0
III 4.18 3.26 3.26 2.84 2.09 0
IV 4.17 3.07 3.24 2.85 1.70 1
V 3.94 3.13 3.13 3.05 1
VI 4.08 2.71 3.73 3.19 0.00 1
VII 4.09 2.70 3.68 3.20 1.40 1
VIII 3.98 4.20 4.20 3.20 2.19 2
IX 4.13 3.61 3.06 3.64 0.00 2
X 3.65 3.88 4.85 3.52 0.00 2
XI 4.31 4.08 3.97 2.98 1.94 2
XII 4.21 4.20 4.63 3.42 2.14 3
5.3.2 Energetics
Table 5.2 lists the relative energies of configurations II-XII of (H2S)2 with re-
spect to Structure I, which is the global minimum. All configurations are within 4.29
kJ mol−1 of Structure I at the CCSD(T)/ha(6+d)Z level of theory. The energetic
ordering of Structures I to XII does not change regardless of method with basis set
larger than ha(D+d)Z despite the shallow nature of the (H2S)2 potential energy sur-
face compared to that of the H2O dimer. The CCSD(T)/ha(6+d)Z relative energies
of all transition states (Structures IV-VII) are within 0.81 kJ mol−1 of the global
minimum. The higher-order saddle points (Structures VIII-XII) are at least 1 kJ
mol−1 higher in energy than the transition states regardless of method or basis set.
The three minima (Structures I, II, III) are very close in energy, separated by no
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more than 0.21 and 0.35 kJ mol−1 near the CCSD(T)/CBS limit. Structure IV is
the transition state between Structures I and III lying less than 0.38 kJ mol−1 above
the global minimum according to our CCSD(T) computations. Structure V is the
transition state between Structures I and II and has a slightly larger relative energy
of 0.XX at the CCSD(T)/ha(6+d)Z level of theory. The intrinsic energetics of the
(H2O)2 dimers are very different from that of (H2S)2. At the CCSD(T)/CBS limit,
the (H2O)2 dimer stationary points increase in energy from I < IV < XI < VI <
VII < X < VIII < II < XII < IX (labeled based on their similarity to the (H2S)2
configuration)190.
Table 5.2 lists the CP and non-CP corrected dissociation energy, DCPe and
De respectively, of Structure I. The electronic dissociation energy of Structure I is
6.99 kJ mol−1 at the CCSD(T)/ha(6+d)Z level of theory which agrees well with
previous estimates of the dissociation energy at the CCSD(T)/CBS limit (7.09 kJ
mol−1)212. The dissociation energy of the H2O dimer is three times as large (ca 21 kJ
mol−1) at the CCSD(T)/CBS limit190. For (H2S)2, MP2 consistently overestimates
the dissociation energy by more than 0.8 kJ mol−1 for both De and DCPe . Increasing
the basis set from ha(Q+d)Z to ha(5+d)Z or ha(6+d)Z changes De by no more
than 0.07 kJ mol−1, indicating that the electronic dissociation energy has converged.
The CP and non-CP corrected dissociation energies agree to within 0.41 and 0.29 kJ
mol−1 with a ha(Q+d)Z or larger basis set for both MP2 and CCSD(T), respectively.
A similar comparison of MP2 and CCSD(T) CP and non-CP corrected dissociation
energy of the isovalent H2O dimer yield a slightly larger (approximately 0.6 kJ mol
−1)
difference with an aug-cc-pV5Z basis set190.
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Table 5.2. Relative electronic energies of all (H2S)2 structures in kJ mol
−1.
I II III IV V VI VII VIII IX X XI XII Dae D
CP
e
ha(D+d)Z 0.00 0.94 0.43 0.52 1.20 1.35 1.62 2.83 3.73 3.55 4.42 5.28 7.95 6.22
ha(T+d)Z 0.00 0.19 0.34 0.43 0.63 0.83 1.06 2.11 2.81 3.01 3.97 4.69 7.75 6.90
ha(Q+d)Z 0.00 0.18 0.34 0.42 0.61 0.76 0.99 2.09 2.84 3.06 4.05 4.74 7.87 7.46
ha(5+d)Z 0.00 0.12 0.35 0.42 0.56 0.70 0.92 2.08 2.77 3.11 4.11 4.76 7.91 7.68
ha(6+d)Zb 0.00 0.14 0.35 0.42 0.56 0.69 0.92 2.09 2.78 3.14 4.12 4.78 7.94 7.79
CCSD(T)
ha(D+d)Z 0.00 0.99 0.38 0.46 1.16 1.24 1.49 2.60 3.31 3.52 3.94 4.78 7.01 5.29
ha(T+d)Z 0.00 0.26 0.33 0.39 0.54 0.66 0.88 1.89 2.37 3.07 3.58 4.19 6.81 6.07
ha(Q+d)Z 0.00 0.27 0.34 0.38 0.46 0.60 0.82 1.91 2.41 3.17 3.70 4.28 6.94 6.65
ha(5+d)Zc 0.00 0.20 0.35 0.38 0.48 0.53 0.82 1.90 2.33 3.20 3.75 4.29 6.99 6.86
ha(6+d)Zc 0.00 0.21 0.35 0.38 0.48 0.52 0.81 1.90 2.32 3.22 3.76 4.29 6.99 6.92
a Relative energy of two isolated H2S monomers (i.e. the electronic dissociation energy).
b Single point energies computed using the MP2/ha(5+d)Z optimized geometries.
c Single point energies computed using the CCSD(T)/ha(Q+d)Z optimized geometries.
5.3.3 Minima on the (H2S)2 potential energy surface
This section provides a more detailed examination of the three low-energy
minima, Structures I, II and III. In Table 5.1, the CCSD(T)/ha(Q+d)Z intermolec-
ular hydrogen bond length and heavy atom distance, R(H3· · · S4) and R(S2· · · S4),
of Structure I are 2.83 and 4.16 Å, respectively, and these values for Structure III
are only slightly elongated by 0.02 Å or less. Structure II has a R(H3· · · S4) and
R(S2· · · S4) values of 3.40 and 3.73 Å. Structures I and III have a typical hydrogen
bonding motif, where one monomer donates a hydrogen bond to the other and the
S· · ·HdS bond angle is nearly linear. Structure II has a more complex case where
one monomer donates two hydrogen bonds and accepts one hydrogen bond (dou-
ble donor) while the other monomer accepts two hydrogen bonds and donates one
hydrogen bond (double acceptor) and therefore the intermolecular bond lengths are
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quite different for Structure II.
The CCSD(T)/ha(Q+d)Z rotational constants, A/B/C, of Structure I are
96766/1720/1711 MHz while those of Structure III are 96868/1707/1699 MHz, and
Structure II has rotational constants of 113556/2114/2108 MHz. The rotational
constants of Structures I and III are nearly identical with a maximum absolute
deviation of 102 MHz in A and a maximum relative deviation of less than 1%. Given
how closely related the orientations Structures I and III are, these minute differences
in geometry and rotational constants are not surprising. However, the dipole moment
of Structure III is almost twice that of Structure I due to the relative orientations
of the H atoms not involved in the hydrogen bond. Like Structure I, Structure III
almost has a very small dipole moment of 1.00 Debye.
Table 5.3 provides the CCSD(T)/ha(Q+d)Z harmonic vibrational frequencies
for Structures I, II and III. MP2 performs poorly when describing the SH stretches,
overestimating the stretching frequencies by up to 62 cm−1 for all configurations with
an ha(Q+d)Z basis set. See harmonic vibrational frequency tables in the Supporting
Information. The harmonic frequencies for Structures I and III are within 5 cm−1 of
each other for most modes, except for low-energy intermolecular modes ω8, ω11, and
ω12. The SH stretching modes (ω1, ω2, ω3, and ω9) are even closer together (ca. 1
cm−1), which would make it challenging to distinguish the two configurations from
each other based on the spectral signatures of these vibrational modes. Compared
to Structure I, modes ω8 and ω11 of Structure III are slightly higher in energy and
ω12 is lower in energy by more than 15 cm
−1. For both Structures I and III, the
mode with the largest IR intensity is the donor SH stretch (ω3). The mode with the
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next largest IR intensity for Structure I is ω7 and for Structure III it is ω6, which
leads to the largest differences in the IR spectra. ω7 in Structure I occurs at 74 cm
−1
and ω6 in Structure III occurs at 144 cm
−1. A large peak just below the harmonic
prediction of 74 cm−1 would likely be attributed to configuration I of (H2S)2 while
a large peak near 144 cm−1 would likely be attributed to Structure III. Finally, the
lowest energy modes (ω8 and ω12) of Structure I have small IR intensities while the
same low energy modes of Structure III are IR inactive.
Interestingly despite the differences in orientation, most of the modes of Struc-
ture II that are within 15 cm−1 of those of Structures I and III with the exception
of modes ω3, ω6, ω7, ω10, and ω12. ω3 is the symmetric stretch of the double donor
monomer (Sym. SHd) and is the only SH stretch that is substantially (ca. 20 cm
−1)
different from those of Structures I and III. However in Structure II, none of the
SH stretching frequencies have IR intensities greater than 1 km mol−1. The modes
of Structure II with the largest IR intensities are ω7 and ω11 which correspond low-
energy intermolecular modes at 85 and 80 cm−1. These two peaks with large IR
intensities appearing close together would likely indicate configuration II of the H2S
dimer.
As previously stated, the energy difference between Structures I, II, and III
are minute (0.27 and 0.34 kJ mol−1 at the CCSD(T)/ha(Q+d)Z level of theory)
and the inclusion of zero-point vibrational energy corrections further compresses the
relative energies to 0.20 and 0.28 kJ mol−1 for Structures II and III, respectively.
Additionally, the very small energetic barrier to rotation from Structure III back to
Structure I via the Structure IV transition state suggests that the former is unlikely
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to be observed experimentally. Although the barrier from Structure I to II through
Structure V is slightly higher (0.XX kJ mol−1), Structure II is similarly unlikely to
be seen in experiment. A situation like that described above is not unique to the
H2S dimer, having been previously observed for the C3 bowl structure of (H2O)3
which is a minimum with a small barrier for interconversion to the cyclic C1 global
minimum.243
Table 5.3. CCSD(T)/ha(Q+d)Z harmonic vibrational frequencies (ω in cm−1), ir-
reducible representations, and IR intensties (I in km mol−1) of the (H2S)2 minima
(Structures I-III).
I III II
Irrep. Mode ω I ω I Mode ω I
ω1 a
′ SHf str. 2732 3 2731 4 Asym. SHa str. 2742 1
ω2 a
′ SHa str. 2720 0 2721 0 Sym. SHa str. 2722 1
ω3 a
′ SHd str. 2699 47 2699 47 Sym. SHd str. 2719 0
ω4 a
′ HdSHf bend 1214 4 1216 2 HSH bend 1211 1
ω5 a
′ HaSHa bend 1208 1 1208 1 HSH bend 1203 0
ω6 a
′ Int. rock 147 4 144 32 Int. rock 119 16
ω7 a
′ Int. bend 74 26 74 5 Int. bend 85 34
ω8 a
′ Int. str. 56 13 61 0 Int. str. 58 4
ω9 a
′′ SHa str. 2736 0 2736 0 Asym. SHd str. 2734 0
ω10 a
′′ Int. wag 256 4 255 4 Int. wag 202 2
ω11 a
′′ Int. twist 67 11 72 1 Int. twist 80 32
ω12 a
′′ Int. wag 33 15 15 0 Int. wag 58 5
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5.4 Conclusions
Twelve different stationary of (H2S)2 have been identified and characterized
for the first time near the CCSD(T)/CBS limit. All of these configurations are within
4.29 kJ mol−1 of the global minimum at the CCSD(T)/ha(6+d)Z level of theory. All
MP2 and CCSD(T) computations indicate that Structure I is the global minimum re-
gardless of basis set chosen. The CCSD(T)/ha(6+d)Z electronic dissociation energy
of Structure I is 6.99 kJ mol−1. Structures II and III are previously uncharacterized
minima on the (H2S)2 potential energy surface with a relative electronic energy of
+0.21 and +0.35 kJ mol−1 with respect to Structure I. The geometries of the H2S
fragments undergo almost no distortion in the various dimer configuration, unlike
what is observed for the H2O dimer stationary points. R(SH) falls between 1.338
and 1.341 Å and Θ(HSH) is 92.5±0.5◦ in the CCSD(T)/ha(Q+d)Z optimized struc-





In this work, electronic structure theory methods have been used in a vari-
ety of ways, from qualitative trends to quantitative analyses, always with the same
goal of uncovering new information to help better the understanding of unusual
noncovalent interactions. Using convergent quantum chemistry to study different
configurations of the atmospheric dimer, H2O · · ·O2, one structure (I) is a minimum
with a weak binding energy of less than 0.7 kcal mol−1 that arises from the dispersion
forces between monomers. This structure could potentially absorb far IR radiation
based on the relatively large intensities of two low-energy modes. In ammonia bo-
rane, the presence dative bonds and dihydrogen bonding between fragments reveals
distinct behavior in the isolated clusters and crystal models, with the former con-
taining parallel orientations of BH3NH3 fragments and the latter having anti-parallel
orientations. This distinction has a larger impact on the physical properties such
as BN bond length and stretching frequencies as opposed to cluster size based on
cooperative effects. In considering the isovalent sulfur-containing hydrogen bonds in
the H2O/H2S and (H2S)2 dimers compared to (H2O)2, these nonconventional hydro-
gen bonds are appreciably weaker than their (H2O)2 counterparts despite having a
similar minimum energy structure. Further investigation into the H2O dimer reveals
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Table S1: Cartesian Coordinates (in bohr) of H2O from CCSD(T)/haQZ optimization
H 0.00000000 -1.43139379 0.98674978
O 0.00000000 0.00000000 -0.12434841
H 0.00000000 1.43139379 0.98674978
Table S2: Cartesian Coordinates (in bohr) of O2 from CCSD(T)/haQZ optimization
O 0.00000000 0.00000000 -1.14155135
O 0.00000000 0.00000000 1.14155135
Table S3: Cartesian Coordinates (in bohr) of structure I from CCSD(T)/haQZ optimization
H -5.56322617 0.11025064 0.00000000
O -3.77425991 -0.17872807 0.00000000
H -3.04653670 1.48137617 0.00000000
O 1.92519201 1.15606279 0.00000000
O 2.39156123 -1.07762168 0.00000000
Table S4: Cartesian Coordinates (in bohr) of structure II from CCSD(T)/haQZ optimization
O 0.00000000 -1.14073509 -2.19934938
O 0.00000000 0.00000000 3.78204809
O 0.00000000 1.14073509 -2.19934938
H 0.00000000 -1.43159668 4.89334681
H 0.00000000 1.43159668 4.89334681
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Table S5: Cartesian Coordinates (in bohr) of structure III from CCSD(T)/haQZ optimization
O -1.14105104 0.00000000 -2.22952343
O 0.00000000 0.00000000 3.83561508
O 1.14105104 0.00000000 -2.22952343
H 0.00000000 1.43137913 4.94715739
H 0.00000000 -1.43137913 4.94715739
Table S6: Cartesian Coordinates (in bohr) of structure IV from CCSD(T)/haQZ optimization
O 0.06405665 3.80632818 0.00000000
O 0.00464413 -2.19998796 1.14123722
O 0.00464413 -2.19998796 -1.14123722
H -1.74691248 3.87886706 0.00000000
H 0.58287546 5.54275324 0.00000000
Table S7: Cartesian Coordinates (in bohr) of structure V from CCSD(T)/haQZ optimization
O -1.66361936 0.76046386 0.00000000
H 2.84810643 -0.07953471 0.00000000
O -3.50014987 -0.59488854 0.00000000
O 4.66027805 -0.04751910 0.00000000
H 5.14266379 -1.79410306 0.00000000
Table S8: Cartesian Coordinates (in bohr) of structure VI from CCSD(T)/haQZ optimization
O -4.89145285 0.12778963 0.00000000
O 1.58248006 -0.05089319 0.00000000
O 3.86235909 0.03199979 0.00000000
H -3.11295131 -0.21966898 0.00000000
H -5.66969081 -1.50859309 0.00000000
Table S9: Cartesian Coordinates (in bohr) of structure VII from CCSD(T)/haQZ optimization
O 0.00000000 -1.14172692 -2.30626066
O 0.00000000 0.00000000 4.22074022
O 0.00000000 1.14172692 -2.30626066
H 0.00000000 -1.43120130 3.10892526
H 0.00000000 1.43120130 3.10892526
Table S10: Cartesian Coordinates (in bohr) of structure VIII from CCSD(T)/haQZ optimization
O -4.71928782 0.15556218 0.00000000
O 1.60732895 -0.66345503 0.00000000
O 3.56745088 0.50631255 0.00000000
H -3.61449437 0.01254026 -1.42930288
H -3.61449437 0.01254026 1.42930288
Table S11: Cartesian Coordinates (in bohr) of structure IX from CCSD(T)/haQZ optimization
O 1.93147209 1.10414574 0.00000000
H -2.87127986 0.86789075 0.00000000
O 2.90685299 -0.96010900 0.00000000
O -4.41336254 -0.08441484 0.00000000
H -3.87318408 -1.81413366 0.00000000
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Table S12: Cartesian Coordinates (in bohr) of structure X from CCSD(T)/haQZ optimization
O 0.00000000 0.00000000 -1.51608245
O 0.00000000 0.00000000 4.84419288
H 0.00000000 -1.42980887 3.73083923
H 0.00000000 1.42980887 3.73083923
O 0.00000000 0.00000000 -3.79826401
Table S13: Cartesian Coordinates (in bohr) of structure XI from CCSD(T)/haQZ optimization
O 0.00000000 0.00000000 -1.46976743
O 0.00000000 0.00000000 4.51541022
H 0.00000000 -1.43129339 5.62702075
H 0.00000000 1.43129339 5.62702075
O 0.00000000 0.00000000 -3.75474972
Table S14: Cartesian Coordinates (in bohr) of structure XII from CCSD(T)/haQZ optimization
O -1.14220688 0.00000000 -2.39729843
O 0.00000000 0.00000000 4.38241207
O 1.14220688 0.00000000 -2.39729843
H 0.00000000 1.43112673 3.27083581
H 0.00000000 -1.43112673 3.27083581
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Table S15: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
H2O. Symmetry labels correspond to orientation given in Table S1.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3824.5 (7.6) 3840.5 (6.8) 3813.6 (4.6) 3831.8 (4.2)
a1 1630.1 (73.8) 1632.8 (73.5) 1647.9 (72.4) 1650.5 (72.5)
b2 3951.9 (75.8) 3966.4 (78.5) 3924.3 (54.9) 3941.4 (57.8)
Table S16: Harmonic vibrational frequencies (in cm−1) of O2.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
Σ+g 1454.7 1479.7 1574.4 1595.7
Table S17: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure II. Symmetry labels correspond to orientation given in Table S4.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3821.1 (6.8) 3837.5 (6.8) 3811.3 (4.2) 3829.8 (4.3)
a1 1629.8 (75.8) 1633.0 (74.7) 1647.4 (74.1) 1650.5 (73.4)
a1 1457.9 (< 0.1) 1482.4 (< 0.1) 1579.0 (< 0.1) 1599.9 (< 0.1)
a1 63.2 (< 0.1) 59.5 (< 0.1) 61.9 (< 0.1) 58.1 (< 0.1)
a2 56.9 (0.0) 53.0 (0.0) 34.5 (0.0) 39.4 (0.0)
b1 82.2 (236.9) 81.6 (233.2) 70.5 (233.0) 68.5 (230.1)
b2 3948.4 (77.4) 3963.2 (79.5) 3921.9 (56.9) 3939.3 (59.2)
b2 144.9 (21.9) 113.7 (18.0) 64.5 (6.5) 63.6 (5.8)
b2 29.0i (52.2) 35.3i (54.8) 33.4i (61.9) 39.0i (62.4)
Table S18: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure III. Symmetry labels correspond to orientation given in Table S5.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3821.7 (6.8) 3838.0 (6.9) 3811.7 (4.1) 3830.1 (4.3)
a1 1630.3 (75.0) 1633.5 (73.9) 1647.9 (73.3) 1651.0 (72.7)
a1 1456.3 (< 0.1) 1480.9 (< 0.1) 1577.3 (< 0.1) 1598.3 (< 0.1)
a1 59.4 (< 0.1) 55.2 (< 0.1) 58.9 (< 0.1) 54.5 (< 0.1)
a2 9.6i (0.0) 33.8i (0.0) 34.1i (0.0) 38.5i (0.0)
b1 69.5 (234.0) 64.7 (228.2) 61.4 (184.7) 56.0 (165.4)
b1 103.8 (1.7) 81.9 (4.0) 47.4 (43.3) 46.3 (60.5)
b2 3948.9 (77.1) 3963.6 (79.2) 3922.2 (56.5) 3939.4 (58.9)
b2 38.7 (76.2) 20.4 (75.3) 39.9 (74.7) 22.3 (73.9)
Table S19: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure IV
.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a′ 3948.2 (73.9) 3962.8 (76.5) 3921.5 (53.7) 3938.9 (56.4)
a′ 3820.9 (7.0) 3837.1 (6.8) 3810.9 (4.3) 3829.5 (4.4)
a′ 1630.4 (81.2) 1633.7 (80.1) 1648.0 (79.6) 1651.0 (79.0)
a′ 1454.9 (< 0.1) 1479.9 (< 0.1) 1576.2 (< 0.1) 1597.3 (< 0.1)
a′ 62.5 (9.7) 59.5 (15.1) 61.3 (8.7) 57.6 (10.4)
a′ 22.8 (73.1) 34.8 (66.7) 23.3 (72.8) 30.1 (70.4)
a′′ 108.9 (7.7) 87.7 (30.7) 69.9 (139.4) 64.0 (123.3)
a′′ 71.4 (202.6) 66.6 (169.7) 44.7 (53.6) 43.8 (63.0)
a′′ 18.9 (19.2) 37.2i (25.8) 55.6i (28.3) 56.9i (32.7)
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Table S20: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure V.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a′ 3951.3 (106.0) 3965.7 (108.7) 3923.4 (83.4) 3940.5 (88.5)
a′ 3825.2 (13.3) 3840.7 (10.4) 3813.8 (14.4) 3831.9 (13.1)
a′ 1706.8 (0.2) 1638.5 (0.9) 1650.1 (59.2) 1651.4 (57.6)
a′ 1630.0 (61.5) 1632.1 (61.5) 1581.5 (0.5) 1599.8 (0.6)
a′ 77.5 (60.5) 83.2 (62.9) 104.1 (66.0) 96.2 (62.8)
a′ 45.2 (16.8) 39.7 (10.4) 62.7 (9.2) 53.3 (10.9)
a′ 17.2 (12.8) 16.1 (23.6) 24.5 (7.0) 21.2 (10.5)
a′′ 99.1 (81.6) 94.3 (39.3) 131.0 (79.0) 116.7 (66.4)
a′′ 28.8i (80.0) 19.5i (102.2) 33.0i (125.8) 31.1i (132.4)
Table S21: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure VI.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a′ 3951.7 (105.5) 3966.1 (109.0) 3925.6 (83.0) 3942.4 (87.7)
a′ 3825.7 (12.8) 3841.3 (10.1) 3815.9 (10.2) 3833.8 (8.9)
a′ 1630.4 (62.9) 1632.0 (63.1) 1648.6 (63.2) 1650.3 (61.5)
a′ 1468.2 (0.3) 1485.3 (0.2) 1580.1 (0.2) 1601.3 (0.2)
a′ 58.5 (22.0) 63.7 (36.4) 56.9 (14.9) 57.1 (22.8)
a′ 33.2 (47.5) 22.8 (36.2) 38.3 (52.6) 25.4 (44.2)
a′ 39.8i (18.1) -42.5 (21.1) 42.7i (16.5) 43.6i (21.1)
a′′ 66.5 (55.9) 69.4 (13.2) 74.8 (87.6) 67.0 (52.2)
a′′ 46.7i (19.1) -43.8 (51.1) 42.3i (4.8) 41.9i (16.5)
Table S22: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure VII. Symmetry labels correspond to orientation given in Table S9.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3823.5 (8.6) 3839.3 (8.4) 3812.7 (5.2) 3830.6 (5.2)
a1 1629.3 (97.5) 1632.0 (96.9) 1647.2 (96.8) 1649.9 (96.4)
a1 1451.0 (0.2) 1475.9 (0.2) 1572.7 (0.5) 1594.0 (0.7)
a1 52.3 (< 0.1) 51.4 (0.1) 53.6 (< 0.1) 52.4 (< 0.1)
a2 109.5 (0.0) 92.9 (0.0) 62.7 (0.0) 63.7 (0.0)
b1 42.8 (215.4) 50.9 (213.1) 36.1 (211.7) 44.5 (210.2)
b2 3949.8 (62.0) 3963.7 (64.8) 3922.3 (42.6) 3939.0 (44.9)
b2 119.9 (87.2) 108.9 (82.3) 79.1 (63.6) 87.0 (70.3)
b2 33.1 (3.0) 29.1 (5.9) 23.2i (24.8) 8.8i (18.1)
Table S23: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure VIII.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a′ 3825.6 (7.3) 3841.6 (7.2) 3814.6 (4.2) 3832.8 (4.4)
a′ 1630.6 (97.5) 1632.2 (99.0) 1646.5 (105.2) 1649.5 (105.9)
a′ 1457.0 (1.0) 1483.9 (0.5) 1575.3 (0.1) 1596.7 (0.1)
a′ 111.3 (199.3) 108.7 (205.3) 97.7 (201.3) 101.9 (204.9)
a′ 51.4 (5.5) 49.2 (2.8) 53.2 (2.6) 51.6 (1.2)
a′ 10.2 (12.9) 11.7 (8.2) 8.6 (9.6) 10.5 (6.9)
a′′ 3950.4 (67.8) 3964.7 (70.3) 3923.2 (49.6) 3940.2 (51.8)
a′′ 51.9 (8.2) 43.8 (0.2) 44.1 (0.7) 42.4 (1.0)
a′′ 27.7i (78.4) 44.8i (84.9) 54.6i (83.7) 51.3i (82.8)
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Table S24: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure IX.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a′ 3950.0 (71.3) 3964.1 (73.6) 3922.5 (52.6) 3939.8 (57.8)
a′ 3823.6 (10.5) 3839.5 (10.3) 3813.0 (8.4) 3831.3 (9.1)
a′ 1819.9 (2.5) 1680.2 (3.5) 1648.7 (89.5) 1650.8 (87.3)
a′ 1628.1 (90.2) 1629.8 (87.0) 1576.0 (0.5) 1596.9 (0.7)
a′ 77.8 (72.3) 84.4 (72.9) 76.4 (48.2) 83.0 (62.4)
a′ 57.9 (0.1) 55.4 (0.2) 62.7 (17.5) 62.2 (5.2)
a′ 24.3i (10.4) 20.8i (8.9) 13.7i (16.1) 12.2i (11.1)
a′′ 111.4 (90.2) 104.4 (76.5) 110.0 (95.4) 107.7 (77.3)
a′′ 30.0i (126.5) 27.7i (137.5) 33.9i (117.5) 40.6i (133.8)
Table S25: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure X. Symmetry labels correspond to orientation given in Table S12.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3825.2 (7.0) 3841.3 (7.1) 3814.3 (4.3) 3832.7 (4.5)
a1 1630.2 (89.8) 1632.1 (99.1) 1647.4 (106.7) 1650.0 (106.9)
a1 1615.3 (9.7) 1552.1 (1.1) 1577.7 (0.1) 1598.5 (0.2)
a1 46.7 (< 0.1) 45.5 (< 0.1) 49.9 (0.1) 48.4 (0.1)
b1 66.3 (209.4) 77.1 (215.6) 73.2 (215.5) 81.1 (214.9)
b1 24.3i (11.8) 20.9i (3.2) 7.6i (1.1) 14.2i (0.4)
b2 3950.5 (68.9) 3964.8 (70.9) 3923.3 (49.9) 3940.3 (52.1)
b2 25.5 (7.2) 27.0 (8.7) 41.2 (41.2) 38.2 (32.5)
b2 27.4i (78.8) 33.9i (76.4) 23.6i (43.4) 28.9i (51.6)
Table S26: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure XI. Symmetry labels correspond to orientation given in Table S13.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3821.7 (6.4) 3838.1 (6.5) 3811.5 (4.1) 3830.2 (4.3)
a1 1629.8 (73.8) 1632.9 (73.0) 1647.6 (73.1) 1650.6 (72.7)
a1 1481.0 (0.1) 1485.2 (0.1) 1567.9 (0.5) 1589.4 (0.4)
a1 48.2 (< 0.1) 45.3 (< 0.1) 49.8 (< 0.1) 46.1 (< 0.1)
b1 60.9 (237.2) 63.2 (234.0) 54.4 (233.6) 56.0 (231.2)
b1 31.8 (0.4) 27.9 (0.1) 27.1 (0.2) 23.1 (< 0.1)
b2 3949.0 (76.1) 3963.9 (78.2) 3922.2 (55.7) 3939.7 (58.1)
b2 29.6 (2.5) 27.6 (0.3) 34.0 (9.3) 28.0 (2.3)
b2 22.7i (76.0) 31.6i (77.0) 15.0i (67.6) 24.1i (73.6)
Table S27: Harmonic vibrational frequencies (in cm−1) and IR intensities (in parentheses in km mol−1) of
structure XII. Symmetry labels correspond to orientation given in Table S14.
Symm UMP2/haTZ UMP2/haQZ UCCSD(T)/haTZ UCCSD(T)/haQZ
a1 3825.0 (6.6) 3840.8 (6.5) 3814.0 (3.7) 3831.8 (3.8)
a1 1628.2 (92.3) 1630.9 (92.5) 1646.0 (92.0) 1648.7 (92.6)
a1 1449.6 (0.1) 1474.7 (0.1) 1570.5 (0.3) 1591.8 (0.5)
a1 40.7 (< 0.1) 37.3 (< 0.1) 42.7 (< 0.1) 39.9 (< 0.1)
a2 22.7 (0.0) 42.2i (0.0) 57.4i (0.0) 60.7i (0.0)
b1 44.9 (86.2) 36.1 (85.2) 29.8 (36.5) 31.5 (42.2)
b1 33.4i (31.9) 61.3i (110.6) 90.2i (160.3) 91.2i (155.0)
b2 3951.5 (67.5) 3965.7 (69.8) 3924.2 (48.6) 3940.9 (51.0)
b2 61.1 (177.0) 43.8 (98.3) 44.8 (84.8) 40.3 (84.0)
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Table S28: Harmonic vibrational frequencies (list from highest to lowest cm−1) and IR intensities (in paren-
theses in km mol−1) of Structure I from QCISD/6-311++G(2d, 2p) computations
Results from this work Results from Ref. [5]
Mode Symm cm−1 km mol−1 Mode / Symm cm−1 km mol−1
ω1 a
′ 3982.0 (65.5) not given 3978.9 (65.0)
ω2 a
′ 3879.5 (4.4) not given 3876.7 (4.6)
ω3 a
′ 1684.6 (76.9) not given 1685.6 (76.9)
ω4 a
′ 1614.7 (1.3) not given 1614.8 (1.3)
ω8 a
′′ 119.8 (21.0) not given 138.7 (59.6)
ω5 a
′ 84.2 (89.8) not given 97.7 (96.9)
ω6 a
′ 72.5 (0.1) not given 73.5 (177.9)
ω9 a
′′ 60.3 (216.6) not given 72.2 (0.3)
ω7 a
′ 25.9 (18.2) not given 30.5 (10.9)
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1 Monomer Calibration
Table S1: Monomer bond lengths (RBN, RBH, RNH in Å), dipole moment (µ in Debye),
and BN stretching frequency (ω in cm−1).
RBN RBH RNH µ ω RBN RBH RNH µ ω
B3LYP/6-31++G(d, p) 1.667 1.212 1.019 5.46 636 B3LYP/6-311++G(2df, 2pd) 1.658 1.207 1.015 5.32 645
M06L6-31++G(d, p) 1.660 1.209 1.015 5.54 656 M06L/6-311++G(2df, 2pd) 1.652 1.203 1.013 5.30 658
M06-2X/6-31++G(d, p) 1.658 1.210 1.017 5.48 675 M06-2X/6-311++G(2df, 2pd) 1.649 1.205 1.014 5.28 685
MP2/6-31++G(d, p) 1.661 1.206 1.016 5.54 669 MP2/6-311++G(2df, 2pd) 1.650 1.206 1.013 5.40 684
MP2(AE)/pCVDZ 1.652 1.220 1.022 5.65 682 CCSD(AE)/pCVDZ 1.659 1.223 1.023 5.64 669
CCSD(T)(AE)/pCVDZ 1.660 1.224 1.025 5.64 669
MP2(AE)/pCVTZ 1.645 1.204 1.012 5.45 692 MP2(AE)/pCVQZ 1.640 1.202 1.011 5.39 694
CCSD(AE)/pCVTZ 1.650 1.207 1.012 5.40 684 CCSD(AE)/pCVQZ 1.645 1.206 1.011 5.32 688
CCSD(T)(AE)/pCVTZ 1.651 1.208 1.014 5.39 685 CCSD(T)(AE)/pCVQZ 1.646 1.207 1.014 5.32 688
B3LYP/DZ 1.654 1.222 1.023 5.59 651 B3LYP/aVDZ 1.659 1.218 1.019 5.28 641
M06L/DZ 1.648 1.218 1.020 5.60 666 M06L/aVDZ 1.650 1.216 1.017 5.28 663
M06-2X/DZ 1.644 1.219 1.021 5.61 694 M06-2X/aVDZ 1.648 1.216 1.018 5.30 687
MP2/DZ 1.657 1.222 1.023 5.66 676 MP2/aVDZ 1.668 1.220 1.021 5.35 652
CCSD/DZ 1.663 1.226 1.024 5.65 662 CCSD/aVDZ 1.675 1.224 1.021 5.30 638
CCSD(T)/DZ 1.663 1.227 1.025 5.65 663 CCSD(T)/aVDZ 1.677 1.225 1.023 5.29 636
B3LYP/TZ 1.659 1.207 1.015 5.38 645 B3LYP/aVTZ 1.659 1.207 1.015 5.27 644
M06L/TZ 1.654 1.202 1.012 5.36 656 M06L/aVTZ 1.654 1.202 1.012 5.25 658
M06-2X/TZ 1.650 1.206 1.015 5.34 682 M06-2X/aVTZ 1.650 1.206 1.014 5.23 682
MP2/TZ 1.650 1.206 1.013 5.44 687 MP2/aVTZ 1.652 1.207 1.014 5.35 682
CCSD/TZ 1.654 1.209 1.013 5.40 677 CCSD/aVTZ 1.656 1.210 1.014 5.28 672
CCSD(T)/TZ 1.655 1.210 1.015 5.39 677 CCSD(T)/aVTZa,b 1.657 1.211 1.016 5.26 671
B3LYP/QZ 1.657 1.206 1.014 5.31 646 B3LYP/aVQZ 1.657 1.206 1.014 5.27 645
M06L/QZ 1.652 1.203 1.011 5.31 658 M06L/aVQZ 1.653 1.203 1.011 5.28 657
M06-2X/QZ 1.647 1.204 1.014 5.28 686 M06-2X/aVQZ 1.648 1.204 1.014 5.24 686
MP2/QZ 1.646 1.205 1.012 5.38 688 MP2/aVQZ 1.647 1.205 1.012 5.35 685
CCSD/QZ 1.649 1.208 1.011 5.32 679 CCSD/aVQZ 1.651 1.209 1.012 5.28 677
CCSD(T)/QZ 1.650 1.209 1.014 5.31 679 CCSD(T)/aVQZ 1.652 1.210 1.014 5.27 675
MP2/DZPc 1.656 1.213 1.018 690 QCISD/DZPc 1.665 1.217 1.020 673
HF/6-31G(d)d 1.689 1.209 1.004 5.57 604 MP2/6-31G(d)d 1.664 1.210 1.020 5.65 673
Exp. e 1.658 1.216 1.014 5.22
a CCSD(T)/aVTZ with B3LYP/aVTZ anharmonic corrections ν = 626 cm−1 taken from Ref 1
b CCSD(T)/aVTZ with MP2/aVTZ anharmonic corrections ν = 630 cm−1 taken from Ref 1
c Taken from Ref 2
d Taken from Ref 3
e Gas-phase microwave spectroscopy taken from Refs 4, 5




Table S2: Dimer bond lengths (RBN, RBH, RNH in Å), shortest intermolecular H-H
distance (RHH in Å), change in bond length upon dimerization (∆RBN in Å), symmetric
ag and asymmetric bu BN stretching frequencies (ωs and ωa in cm−1), and the frequency
shifts of the BN stretching frequencies upon dimerization (∆ωs and ∆ωa in cm−1).
RBN ∆RBN RBH RNH RHH ωs ∆ωs ωa ∆ωa Ebind
B3LYP/6-31++G(d, p) 1.641 −0.027 1.218 1.028 2.04 702 65 701 65 −13.24
B3LYP/6-311++G(2df, 2pd) 1.634 −0.024 1.213 1.025 2.04 706 61 705 60 −12.69
B3LYP/aVDZ 1.634 −0.025 1.223 1.029 2.01 704 63 702 61 −13.52
B3LYP/aVTZ 1.636 −0.023 1.213 1.024 2.05 703 60 703 59 −12.52
B3LYP/aVQZ 1.634 −0.023 1.212 1.024 2.05 704 59 704 59 −12.49
M06L/6-31++G(d, p) 1.633 −0.027 1.216 1.027 1.99 722 66 717 61 −16.27
M06L/6-311++G(2df, 2pd) 1.628 −0.025 1.210 1.024 1.98 723 65 719 61 −16.04
M06L/aVDZ 1.626 −0.024 1.222 1.029 1.97 728 66 716 53 −16.80
M06L/aVTZ 1.629 −0.024 1.209 1.023 1.99 721 63 718 60 −15.69
M06L/aVQZ 1.629 −0.024 1.209 1.022 2.00 723 65 718 61 −15.24
M06-2X/6-31++G(d, p) 1.632 −0.026 1.217 1.026 2.00 740 65 745 69 −16.43
M06-2X/6-311++G(2df, 2pd) 1.625 −0.024 1.212 1.024 1.99 746 61 750 66 −16.10
M06-2X/aVDZ 1.624 −0.023 1.222 1.027 1.98 748 62 753 66 −16.92
M06-2X/aVTZ 1.626 −0.024 1.213 1.024 1.99 747 64 751 69 −15.94
M06-2X/aVQZ 1.624 −0.023 1.211 1.023 1.99 743 58 748 63 −15.84
MP2/6-31++G(d, p) 1.636 −0.025 1.211 1.023 2.05 733 64 742 73 −14.68
MP2/6-311++G(2df, 2pd) 1.626 −0.024 1.213 1.023 1.98 745 61 752 68 −15.68
MP2/aVDZ 1.642 −0.026 1.226 1.029 1.98 718 66 735 83 −16.45
MP2/aVTZ 1.628 −0.024 1.214 1.023 1.99 746 64 752 71 −15.93
MP2/aVQZ 1.624 −0.023 1.212 1.022 1.98 742 57 749 63 −15.64
CCSD/aVDZ 1.649 −0.026 1.229 1.028 2.02 703 65 700 62 −15.35
CCSD/aVTZ 1.633 −0.023 1.216 1.021 2.02 732 60 725 53 −14.86
CCSD(T)/aVDZ 1.650 −0.026 1.230 1.031 2.00 704 69 724 89 −16.21
CCSD(T)/aVTZ 1.634 −0.023 1.218 1.024 2.00 731 60 740 68 −15.81
HF/6-31G(d)a 1.659 −0.030 1.214 1.008 2.21 676 71 678 74 −11.05
MP2/6-31G(d)a 1.639 −0.024 1.215 1.020 2.06 735 61 745 72 −15.13
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Figure S1: Plots of the correlation between various properties of ammonia borane clusters
and crystal models. Figure S1a plots the BN frequency shifts against the number of subunits
in the crystal models as well as the isolated clusters. Figure S1b plots the electronic binding
energy and BN frequency shifts in the isolated clusters. Figure S1c plots the normalized
electronic binding energy and the BN frequency shifts for the isolated clusters. See Section
3.6 of the main text for additional details.
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3 Isolated Gas-Phase Clusters
Table S3: Optimized geometry of 1-C3v at the M06-2X/6-311++G(2df, 2pd) level
of theory.
B 0.000000 0.000000 0.000000
N 0.000000 0.000000 1.649098
H 1.164815 0.000000 -0.310126
H -0.582408 -1.008760 -0.310126
H -0.582408 1.008760 -0.310126
H -0.947709 0.000000 2.010611
H 0.473854 -0.820740 2.010611
H 0.473854 0.820740 2.010611
Table S4: Harmonic vibrational frequencies of 1-C3v at the M06-2X/6-
311++G(2df, 2pd) level of theory.













Table S5: Optimized geometry of 2-C2h at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N 1.6365175128 0.7736603576 0.
B 1.6206278316 -0.8517226832 0.
H 2.1124954396 1.1339617296 0.8201613741
H 2.1124954396 1.1339617296 -0.8201613741
H 0.6818404592 1.1431352618 0.
H 2.7645514663 -1.2217374581 0.
H 1.032316459 -1.1747957612 1.009746964
H 1.032316459 -1.1747957612 -1.009746964
N -1.6365175128 -0.7736603576 0.
B -1.6206278316 0.8517226832 0.
5
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H -2.1124954396 -1.1339617296 0.8201613741
H -2.1124954396 -1.1339617296 -0.8201613741
H -0.6818404592 -1.1431352618 0.
H -2.7645514663 1.2217374581 0.
H -1.032316459 1.1747957612 1.009746964
H -1.032316459 1.1747957612 -1.009746964
Table S6: Harmonic vibrational frequencies of 2-C2h at the M06-2X/6-
311++G(2df, 2pd) level of theory.













































Table S7: Optimized geometry of 2-C3v at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N -0.0000000006 0. -3.0791848736
B -0.0000000006 0. -1.4439451717
H -0.0000000125 0.9471563569 -3.4439219374
H 0.8202614718 -0.4735781681 -3.4439219374
H -0.820261461 -0.4735781888 -3.4439219374
H -1.0068291664 0.581293073 -1.1196506664
H 0.0000000141 -1.1625861714 -1.1196506664
H 1.0068291507 0.5812930984 -1.1196506664
N -0.0000000006 0. 1.6439963081
B -0.0000000006 0. 3.2773499749
H -0.0000000124 0.9386211995 1.2573069281
H 0.8128698086 -0.4693105895 1.2573069281
H -0.8128697979 -0.46931061 1.2573069281
H -1.0074647283 0.5816600148 3.6014845226
H 0.0000000141 -1.163320055 3.6014845226
H 1.0074647125 0.5816600402 3.6014845226
Table S8: Harmonic vibrational frequencies of 2-C3v at the M06-2X/6-
311++G(2df, 2pd) level of theory.































Table S9: Optimized geometry of 3-Cs at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N 0.166409545 1.2844905284 0.
B 1.2445221994 0.0926917666 0.
H -0.427992003 1.2314197607 0.8302966092
H 0.6200301231 2.1919310939 0.
H -0.427992003 1.2314197607 -0.8302966092
H 0.6084279949 -0.9462644029 0.
H 1.9243398874 0.2078763914 -0.9941732162
H 1.9243398874 0.2078763914 0.9941732162
N 0.1546502232 -0.9163683754 -2.9386398131
B -0.9222522815 0.3059115376 -2.9500013964
H 0.7791476994 -0.8577317492 -3.7359157513
H 0.7227993648 -0.8843064423 -2.0897142695
H -0.3141149203 -1.8151050358 -2.9742570311
H -1.5389006112 0.2211639647 -3.9789770582
H -1.6213205833 0.13171679 -1.9760829842
H -0.2636877073 1.3203361644 -2.8839771787
N 0.1546502232 -0.9163683754 2.9386398131
B -0.9222522815 0.3059115376 2.9500013964
H 0.7227993648 -0.8843064423 2.0897142695
H 0.7791476994 -0.8577317492 3.7359157513
H -0.3141149203 -1.8151050358 2.9742570311
H -1.6213205833 0.13171679 1.9760829842
H -1.5389006112 0.2211639647 3.9789770582
H -0.2636877073 1.3203361644 2.8839771787
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Table S10: Harmonic vibrational frequencies of 3-Cs at the M06-2X/6-
311++G(2df, 2pd) level of theory.





































































Table S11: Optimized geometry of 3-C3h at the M06-2X/6-311++G(2df, 2pd) level
of theory.
B 0.9871742645 -2.2647866491 0.
N 2.2575874012 -1.2653671533 0.
B 1.4677756392 1.9873113161 0.
N -0.0329536015 2.5878116178 0.
N -2.2246338013 -1.3224444645 0.
B -2.4549499054 0.277475333 0.
H 0.365654891 -2.0131565511 1.0108295709
H 0.365654891 -2.0131565511 -1.0108295709
H 1.4122872233 -3.3912887716 0.
H 2.838516333 -1.4118703894 0.8188271253
H 2.838516333 -1.4118703894 -0.8188271253
H 1.9705607329 -0.2820117921 0.
H 1.5606172687 1.3232447007 -1.0108295709
H 2.2307986153 2.9187209991 0.
H 1.5606172687 1.3232447007 1.0108295709
H -0.7410509912 1.847561551 0.
10
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H -0.1965425432 3.1641624486 0.8188271253
H -0.1965425432 3.1641624486 -0.8188271253
H -2.6419737914 -1.7522920592 -0.8188271253
H -1.2295097434 -1.5655497589 0.
H -2.6419737914 -1.7522920592 0.8188271253
H -3.6430858402 0.4725677725 0.
H -1.9262721614 0.6899118505 1.0108295709
H -1.9262721614 0.6899118505 -1.0108295709
Table S12: Harmonic vibrational frequencies of 3-C3h at the M06-2X/6-
311++G(2df, 2pd) level of theory.
















































Table S13: Optimized geometry of 3-C3v at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N -0.0000000322 -0.0000000185 0.7132154976
B -0.0000000322 -0.0000000185 -0.9058411219
H -0.8120207653 0.4688203106 1.1041492039
H 0.0000000194 -0.9376407663 1.1041492039
H 0.8120206492 0.4688204001 1.1041492039
H 1.0052955341 -0.5804076105 -1.2448169502
H -1.0052955346 -0.5804077213 -1.2448169502
H -0.0000000962 1.1608152762 -1.2448169502
N -0.0000000322 -0.0000000185 5.3979202564
B -0.0000000322 -0.0000000185 3.7661826958
H 0.820145464 0.4735112647 5.7636351107
H -0.8201455806 0.4735111744 5.7636351107
H 0.00000002 -0.9470224946 5.7636351107
H 1.0061093531 -0.5808774691 3.4378842382
H -1.0061093535 -0.5808775799 3.4378842382
H -0.0000000962 1.1617549934 3.4378842382
N -0.0000000322 -0.0000000185 -3.9736496883
B -0.0000000322 -0.0000000185 -5.6038137309
H 0.8111819947 0.4683362027 -3.581866042
H -0.8111821108 0.4683361133 -3.581866042
H 0.0000000194 -0.9366723716 -3.581866042
H 1.0071800233 -0.5814956207 -5.9313879195
H -1.0071800237 -0.5814957317 -5.9313879195
H -0.0000000963 1.1629912968 -5.9313879195
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Table S14: Harmonic vibrational frequencies of 3-C3v at the M06-2X/6-
311++G(2df, 2pd) level of theory.
















































Table S15: Optimized geometry of 4-S4 at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N -0.0652838943 2.4132639719 0.8041323059
B -0.0642032457 2.3775793948 -0.8121643497
H 0.7649812129 1.9462969361 1.1709368668
H -0.0909049823 3.3630692906 1.1581615223
H -0.8692505596 1.9022581049 1.1708143477
H 0.9273335183 2.9615297401 -1.1836040325
H -0.032652497 1.2065448697 -1.1176799473
H -1.0856407457 2.907366174 -1.1837612301
N -2.4132639719 -0.0652838943 -0.8041323059
B -2.3775793948 -0.0642032457 0.8121643497
H -1.9022581049 -0.8692505596 -1.1708143477
H -3.3630692906 -0.0909049823 -1.1581615223
H -1.9462969361 0.7649812129 -1.1709368668
H -2.907366174 -1.0856407457 1.1837612301
H -1.2065448697 -0.032652497 1.1176799473
H -2.9615297401 0.9273335183 1.1836040325
N 0.0652838943 -2.4132639719 0.8041323059
B 0.0642032457 -2.3775793948 -0.8121643497
H -0.7649812129 -1.9462969361 1.1709368668
H 0.0909049823 -3.3630692906 1.1581615223
H 0.8692505596 -1.9022581049 1.1708143477
H -0.9273335183 -2.9615297401 -1.1836040325
H 0.032652497 -1.2065448697 -1.1176799473
H 1.0856407457 -2.907366174 -1.1837612301
N 2.4132639719 0.0652838943 -0.8041323059
B 2.3775793948 0.0642032457 0.8121643497
H 1.9022581049 0.8692505596 -1.1708143477
H 3.3630692906 0.0909049823 -1.1581615223
H 1.9462969361 -0.7649812129 -1.1709368668
H 2.907366174 1.0856407457 1.1837612301
H 1.2065448697 0.032652497 1.1176799473
H 2.9615297401 -0.9273335183 1.1836040325
Table S16: Harmonic vibrational frequencies of 4-S4 at the M06-2X/6-
311++G(2df, 2pd) level of theory.
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Table S17: Optimized geometry of 3-C3v at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N 0. -0.0000000011 0.8889324203
B 0. -0.0000000011 -0.7032155057
H 0.828251951 -0.4781914878 1.2484368765
H -0.0000000001 0.9563829725 1.2484368765
H -0.8282519508 -0.478191488 1.2484368765
H 1.0008309565 0.5778300212 -1.0832539847
H 0.0000000001 -1.1556600455 -1.0832539847
H -1.0008309567 0.577830021 -1.0832539847
N -0.0000000004 3.3240697765 -0.7807569506
B -0.0000000004 3.324075531 0.851989996
H -0.0000000003 2.3670524954 -1.1350579831
H -0.8206354998 3.7971967736 -1.1432936534
H 0.8206354989 3.7971967738 -1.1432936534
H -1.0102498145 2.7398452048 1.1727491949
H 1.0102498138 2.7398452051 1.1727491949
H -0.0000000006 4.4767201267 1.1960311885
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N -2.8787288711 -1.6620348903 -0.7807569506
B -2.8787338547 -1.6620377675 0.851989996
H -2.8781511202 -2.6092895786 -1.1432936534
H -3.6987866197 -1.1879071993 -1.1432936534
H -2.0499275939 -1.1835262496 -1.1350579831
H -3.876953356 -2.2383600655 1.1960311885
H -1.8676506435 -2.2448246076 1.1727491949
H -2.8779004579 -0.4950206013 1.1727491949
N 2.8787288716 -1.6620348895 -0.7807569506
B 2.8787338551 -1.6620377668 0.851989996
H 2.8781511208 -2.6092895778 -1.1432936534
H 2.0499275942 -1.1835262491 -1.1350579831
H 3.69878662 -1.1879071984 -1.1432936534
H 1.8676506441 -2.2448246071 1.1727491949
H 3.8769533566 -2.2383600645 1.1960311885
H 2.877900458 -0.4950206006 1.1727491949
Table S18: Harmonic vibrational frequencies of 3-C3v at the M06-2X/6-
311++G(2df, 2pd) level of theory.































































Table S19: Optimized geometry of 6-D3d at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N 0.0000000041 3.3152815652 0.831526618
B 0.0000000041 3.3058621596 -0.7799796895
H 0.8287047371 2.8384824524 1.1908462561
H 0.0000000053 4.262422058 1.1947088848
H -0.82870473 2.8384824545 1.1908462561
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H 0.9985163888 3.8821281557 -1.1464690519
H 0.0000000027 2.135014153 -1.1098090127
H -0.9985163792 3.8821281582 -1.1464690519
N -2.8711180541 1.6576407862 -0.831526618
B -2.8629606095 1.6529310833 0.7799796895
H -2.8725502788 0.7015618788 -1.1908462561
H -3.6913657813 2.1312110336 -1.1947088848
H -2.0438455434 2.1369205807 -1.1908462561
H -3.8612797953 1.0763235286 1.1464690519
H -1.8489764926 1.0675070788 1.1098090127
H -2.8627634092 2.8058046367 1.1464690519
N 2.8711180582 1.657640779 -0.831526618
B 2.8629606136 1.6529310762 0.7799796895
H 2.8725502805 0.7015618717 -1.1908462561
H 2.0438455487 2.1369205757 -1.1908462561
H 3.6913657866 2.1312110244 -1.1947088848
H 1.8489764953 1.0675070742 1.1098090127
H 3.861279798 1.076323519 1.1464690519
H 2.8627634161 2.8058046295 1.1464690519
N -0.0000000041 -3.3152815652 -0.831526618
B -0.0000000041 -3.3058621596 0.7799796895
H -0.0000000053 -4.262422058 -1.1947088848
H -0.8287047371 -2.8384824524 -1.1908462561
H 0.82870473 -2.8384824545 -1.1908462561
H -0.9985163888 -3.8821281557 1.1464690519
H 0.9985163792 -3.8821281582 1.1464690519
H -0.0000000027 -2.135014153 1.1098090127
N -2.8711180582 -1.657640779 0.831526618
B -2.8629606136 -1.6529310762 -0.7799796895
H -2.0438455487 -2.1369205757 1.1908462561
H -2.8725502805 -0.7015618717 1.1908462561
H -3.6913657866 -2.1312110244 1.1947088848
H -1.8489764953 -1.0675070742 -1.1098090127
H -2.8627634161 -2.8058046295 -1.1464690519
H -3.861279798 -1.076323519 -1.1464690519
N 2.8711180541 -1.6576407862 0.831526618
B 2.8629606095 -1.6529310833 -0.7799796895
H 3.6913657813 -2.1312110336 1.1947088848
H 2.8725502788 -0.7015618788 1.1908462561
H 2.0438455434 -2.1369205807 1.1908462561
H 3.8612797953 -1.0763235286 -1.1464690519
H 2.8627634092 -2.8058046367 -1.1464690519
H 1.8489764926 -1.0675070788 -1.1098090127
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Table S20: Harmonic vibrational frequencies of 6-D3d at the M06-2X/6-
311++G(2df, 2pd) level of theory.


































































































Table S21: Optimized geometry of 6-Cs at the M06-2X/6-311++G(2df, 2pd) level
of theory.
B 0. 0.9538512986 1.5865497309
N 0. 0.892212682 3.1860117161
H 0. -0.1969725192 1.1830146131
H 0.9994062047 1.543055073 1.2325279328
H -0.9994062047 1.543055073 1.2325279328
H 0.831750676 0.4051254835 3.5311595023
H -0.831750676 0.4051254835 3.5311595023
H 0. 1.8229730406 3.5900043838
N 2.9554067519 -0.6206563092 1.6494342463
B 2.9657806685 -0.5063376083 3.2637061706
H 3.0229506657 -1.5808058561 1.3267074399
H 3.723820003 -0.1166306097 1.2171192793
H 2.0989836779 -0.2353793866 1.2500544476
H 4.0044524751 -0.9725747111 3.6530821131
H 2.0077352751 -1.1444909325 3.6482167371
H 2.8683752655 0.676072926 3.5151913756
N -2.9554067519 -0.6206563092 1.6494342463
B -2.9657806685 -0.5063376083 3.2637061706
H -3.0229506657 -1.5808058561 1.3267074399
H -2.0989836779 -0.2353793866 1.2500544476
H -3.723820003 -0.1166306097 1.2171192793
H -2.0077352751 -1.1444909325 3.6482167371
H -4.0044524751 -0.9725747111 3.6530821131
H -2.8683752655 0.676072926 3.5151913756
B 0. 1.1004895058 -3.0703413712
N 0. 1.1812314432 -1.4739269398
H 0. -0.0840798779 -3.3587538006
H 0.9935084249 1.6608449286 -3.4768869862
H -0.9935084249 1.6608449286 -3.4768869862
H 0.8176096103 0.7230289398 -1.0680763639
H -0.8176096103 0.7230289398 -1.0680763639
H 0. 2.133482959 -1.1202381826
N 2.8835741718 -0.4525558998 -3.061133348
B 2.8939097678 -0.5022036757 -1.4420111084
22
155
H 2.8572460156 -1.3865749425 -3.456654123
H 3.7097718856 0.0146128059 -3.4202023621
H 2.0616187665 0.056169131 -3.3973948285
H 3.8863365357 -1.1036466343 -1.1104240697
H 1.8789647228 -1.0769836174 -1.1133550949
H 2.9126344557 0.6512326208 -1.0690863244
N -2.8835741718 -0.4525558998 -3.061133348
B -2.8939097678 -0.5022036757 -1.4420111084
H -2.8572460156 -1.3865749425 -3.456654123
H -2.0616187665 0.056169131 -3.3973948285
H -3.7097718856 0.0146128059 -3.4202023621
H -1.8789647228 -1.0769836174 -1.1133550949
H -3.8863365357 -1.1036466343 -1.1104240697
H -2.9126344557 0.6512326208 -1.0690863244
Table S22: Harmonic vibrational frequencies of 6-Cs at the M06-2X/6-
311++G(2df, 2pd) level of theory.

















































































































































Table S23: Optimized geometry of 8-S4 at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N 1.7430556633 -1.7419927094 -1.5760046957
B 1.6781052075 -1.6782398096 -3.1805793388
H 0.8391058957 -1.9824599212 -1.1692037563
H 2.4165878251 -2.4163807101 -1.226283798
H 1.9853356356 -0.8381335284 -1.1700981452
H 1.3476339702 -2.7718961869 -3.5789132122
H 0.8428931216 -0.8423614448 -3.4489474906
H 2.7718065671 -1.349523194 -3.5801119423
N 1.6948371678 1.6957136877 -3.111754306
B 1.6942049346 1.6945160654 -1.5025591613
H 0.7644617876 1.9210582641 -3.4689834764
H 2.3606743598 2.3608871903 -3.4894072158
H 1.9189098069 0.7651986646 -3.4694178269
H 1.3854594083 2.8088832767 -1.1380961861
H 0.8731252408 0.8735316639 -1.1514115189
H 2.8085877267 1.3851782079 -1.1385591092
N -1.7430556633 1.7419927094 -1.5760046957
B -1.6781052075 1.6782398096 -3.1805793388
H -0.8391058957 1.9824599212 -1.1692037563
26
159
H -2.4165878251 2.4163807101 -1.226283798
H -1.9853356356 0.8381335284 -1.1700981452
H -1.3476339702 2.7718961869 -3.5789132122
H -0.8428931216 0.8423614448 -3.4489474906
H -2.7718065671 1.349523194 -3.5801119423
N -1.6948371678 -1.6957136877 -3.111754306
B -1.6942049346 -1.6945160654 -1.5025591613
H -0.7644617876 -1.9210582641 -3.4689834764
H -2.3606743598 -2.3608871903 -3.4894072158
H -1.9189098069 -0.7651986646 -3.4694178269
H -1.3854594083 -2.8088832767 -1.1380961861
H -0.8731252408 -0.8735316639 -1.1514115189
H -2.8085877267 -1.3851782079 -1.1385591092
N 1.6957136877 -1.6948371678 3.111754306
B 1.6945160654 -1.6942049346 1.5025591613
H 0.7651986646 -1.9189098069 3.4694178269
H 2.3608871903 -2.3606743598 3.4894072158
H 1.9210582641 -0.7644617876 3.4689834764
H 1.3851782079 -2.8085877267 1.1385591092
H 0.8735316639 -0.8731252408 1.1514115189
H 2.8088832767 -1.3854594083 1.1380961861
N 1.7419927094 1.7430556633 1.5760046957
B 1.6782398096 1.6781052075 3.1805793388
H 0.8381335284 1.9853356356 1.1700981452
H 2.4163807101 2.4165878251 1.226283798
H 1.9824599212 0.8391058957 1.1692037563
H 1.349523194 2.7718065671 3.5801119423
H 0.8423614448 0.8428931216 3.4489474906
H 2.7718961869 1.3476339702 3.5789132122
N -1.6957136877 1.6948371678 3.111754306
B -1.6945160654 1.6942049346 1.5025591613
H -0.7651986646 1.9189098069 3.4694178269
H -2.3608871903 2.3606743598 3.4894072158
H -1.9210582641 0.7644617876 3.4689834764
H -1.3851782079 2.8085877267 1.1385591092
H -0.8735316639 0.8731252408 1.1514115189
H -2.8088832767 1.3854594083 1.1380961861
N -1.7419927094 -1.7430556633 1.5760046957
B -1.6782398096 -1.6781052075 3.1805793388
H -0.8381335284 -1.9853356356 1.1700981452
H -2.4163807101 -2.4165878251 1.226283798
H -1.9824599212 -0.8391058957 1.1692037563
H -1.349523194 -2.7718065671 3.5801119423
H -0.8423614448 -0.8428931216 3.4489474906
H -2.7718961869 -1.3476339702 3.5789132122
27
160
Table S24: Harmonic vibrational frequencies of 8-S4 at the M06-2X/6-
311++G(2df, 2pd) level of theory.















































































































































Table S25: Optimized geometry of 8-S8 at the M06-2X/6-311++G(2df, 2pd) level
of theory.
B 1.6764312861 4.0376536263 0.7672577528
H 2.8243121161 4.2099710741 1.101708243
H 1.2352405035 2.9732721947 1.1619582347
H 0.9866280547 4.9714319773 1.1011627926
B -4.0376536263 1.6764312861 0.7672577528
H -2.9732721947 1.2352405035 1.1619582347
H -4.9714319773 0.9866280547 1.1011627926
H -4.2099710741 2.8243121161 1.101708243
B -1.6764312861 -4.0376536263 0.7672577528
H -1.2352405035 -2.9732721947 1.1619582347
H -0.9866280547 -4.9714319773 1.1011627926
H -2.8243121161 -4.2099710741 1.101708243
B 4.0376536263 -1.6764312861 0.7672577528
H 4.9714319773 -0.9866280547 1.1011627926
H 4.2099710741 -2.8243121161 1.101708243
H 2.9732721947 -1.2352405035 1.1619582347
B 1.6696363286 -4.0404681899 -0.7672577528
H 2.8176818754 -4.2129846513 -1.1011627926
H 0.9798088456 -4.9739893446 -1.101708243
H 1.2289739948 -2.9758678677 -1.1619582347
B -1.6696363286 4.0404681899 -0.7672577528
H -1.2289739948 2.9758678677 -1.1619582347
H -2.8176818754 4.2129846513 -1.1011627926
H -0.9798088456 4.9739893446 -1.101708243
B -4.0404681899 -1.6696363286 -0.7672577528
H -2.9758678677 -1.2289739948 -1.1619582347
H -4.2129846513 -2.8176818754 -1.1011627926
H -4.9739893446 -0.9798088456 -1.101708243
H -2.0025090431 -4.8260313609 -1.2484875622
H -2.2334768894 -3.2030602092 -1.1839113064
H -0.6928521497 -3.8401570083 -1.183843463
H 3.2030602092 -2.2334768894 -1.1839113064
H 3.8401570083 -0.6928521497 -1.183843463
H 4.8260313609 -2.0025090431 -1.2484875622
H -3.8401570083 0.6928521497 -1.183843463
H -4.8260313609 2.0025090431 -1.2484875622
31
164
H -3.2030602092 2.2334768894 -1.1839113064
H 2.2334768894 3.2030602092 -1.1839113064
H 0.6928521497 3.8401570083 -1.183843463
H 2.0025090431 4.8260313609 -1.2484875622
B 4.0404681899 1.6696363286 -0.7672577528
H 4.9739893446 0.9798088456 -1.101708243
H 2.9758678677 1.2289739948 -1.1619582347
H 4.2129846513 2.8176818754 -1.1011627926
H 4.8285072253 1.9965317778 1.2484875622
H 3.8442122486 0.6855989403 1.1839113064
H 3.2053215148 2.225480608 1.183843463
H 2.225480608 -3.2053215148 1.183843463
H 1.9965317778 -4.8285072253 1.2484875622
H 0.6855989403 -3.8442122486 1.1839113064
H -3.2053215148 -2.225480608 1.183843463
H -4.8285072253 -1.9965317778 1.2484875622
H -3.8442122486 -0.6855989403 1.1839113064
H -1.9965317778 4.8285072253 1.2484875622
H -0.6855989403 3.8442122486 1.1839113064
H -2.225480608 3.2053215148 1.183843463
N 1.6398513751 -3.96897975 0.8433930084
N -3.96897975 -1.6398513751 0.8433930084
N -1.6398513751 3.96897975 0.8433930084
N 3.96897975 1.6398513751 0.8433930084
N -3.9660425231 1.6469424681 -0.8433930084
N -1.6469424681 -3.9660425231 -0.8433930084
N 3.9660425231 -1.6469424681 -0.8433930084
N 1.6469424681 3.9660425231 -0.8433930084
Table S26: Harmonic vibrational frequencies of 8-S8 at the M06-2X/6-
311++G(2df, 2pd) level of theory.





















































































































Table S27: Optimized geometry of 8-C3v at the M06-2X/6-311++G(2df, 2pd) level
of theory.
N 0. 0.0000000005 -3.150939671
B 0. 0.0000000005 -1.5616782979
H 0.8279001452 0.4779883731 -3.5141533924
H -0.827900146 0.4779883717 -3.5141533924
H 0.0000000008 -0.9559767434 -3.5141533924
H -0.000000001 1.1556865685 -1.1740087866
H 1.0008539272 -0.5778432827 -1.1740087866
H -1.0008539262 -0.5778432844 -1.1740087866
N -2.9100248975 1.680103655 -1.6171584627
B -2.880803038 1.6632324066 -3.2393669723
H -2.0932891469 1.2085610505 -1.229308452
H -3.7271148239 1.211321262 -1.2389444363
H -2.9125924012 2.6221154849 -1.2389444363
H -2.8727050441 0.4933738154 -3.5552528991
H -1.8636267832 2.2411486355 -3.5552528991
H -3.8708188196 2.2348182835 -3.6179446315
N 0.0000000029 -3.3602073136 -1.6171584627
B 0.0000000029 -3.3264648168 -3.2393669723
H 0.8145224273 -3.8334367506 -1.2389444363
H -0.8145224206 -3.833436752 -1.2389444363
H 0.0000000021 -2.4171221032 -1.229308452
H 0.0000000039 -4.4696365723 -3.6179446315
H 1.0090782648 -2.7345224527 -3.5552528991
H -1.00907826 -2.7345224545 -3.5552528991
N 2.9100248945 1.6801036601 -1.6171584627
B 2.8808030351 1.6632324117 -3.2393669723
H 3.7271148218 1.2113212686 -1.2389444363
H 2.0932891448 1.2085610542 -1.229308452
H 2.9125923966 2.62211549 -1.2389444363
H 2.8727050432 0.4933738204 -3.5552528991
H 3.8708188157 2.2348182903 -3.6179446315
H 1.8636267793 2.2411486388 -3.5552528991
N 0. 0.0000000005 1.5144125607
35
168
B 0. 0.0000000005 3.1003634834
H 0.8189433002 0.4728171363 1.1293096532
H -0.818943301 0.4728171348 1.1293096532
H 0.0000000008 -0.9456342696 1.1293096532
H -0.000000001 1.1552192249 3.4839902887
H 1.0004491958 -0.5776096109 3.4839902887
H -1.0004491948 -0.5776096126 3.4839902887
N -2.884042622 1.6651027813 3.1218860207
B -2.8907372099 1.6689679034 1.4974578973
H -2.0540727862 1.1859194742 3.4749486086
H -3.7022432761 1.1903132202 3.4891626731
H -2.8819631294 2.6110801137 3.4891626731
H -2.8909606491 0.505004367 1.161488849
H -1.8828269389 2.2511431774 1.161488849
H -3.8911152322 2.2465364227 1.1524351083
N 0.0000000029 -3.3302055662 3.1218860207
B 0.0000000029 -3.3379358104 1.4974578973
H 0.8202801513 -3.8013933375 3.4891626731
H -0.8202801447 -3.8013933389 3.4891626731
H 0.0000000021 -2.3718389504 3.4749486086
H 0.0000000039 -4.4930728508 1.1524351083
H 1.0081337141 -2.7561475462 1.161488849
H -1.0081337093 -2.7561475479 1.161488849
N 2.8840426191 1.6651027863 3.1218860207
B 2.8907372069 1.6689679084 1.4974578973
H 3.7022432741 1.1903132267 3.4891626731
H 2.0540727842 1.1859194777 3.4749486086
H 2.8819631248 2.6110801188 3.4891626731
H 2.8909606482 0.505004372 1.161488849
H 3.8911152283 2.2465364295 1.1524351083
H 1.8828269349 2.2511431807 1.161488849
Table S28: Harmonic vibrational frequencies of 8-C3v at the M06-2X/6-
311++G(2df, 2pd) level of theory.


















































































































































Table S29: Optimized geometry of 12-C3v at the M06-2X/6-311++G(2df, 2pd)
level of theory.
N 0. -0.0000000006 -0.6967407661
39
172
B 0. -0.0000000006 0.887767115
H -0.8198084973 0.4733166572 -1.0814258207
H -0.000000001 -0.9466333143 -1.0814258207
H 0.8198084983 0.4733166554 -1.0814258207
H -1.0005493607 -0.5776674418 1.2772466749
H 0.0000000013 1.1553348842 1.2772466749
H 1.0005493594 -0.577667444 1.2772466749
N -0.0000000036 -3.358080499 0.8376104735
B -0.0000000036 -3.3489447674 -0.7757053738
H -0.0000000026 -2.4093604151 1.2135079098
H 0.8138539384 -3.8253449384 1.2259543554
H -0.8138539467 -3.8253449367 1.2259543554
H 1.0068360367 -2.7628406008 -1.114021067
H -1.0068360427 -2.7628405987 -1.114021067
H -0.0000000049 -4.4988699639 -1.1427563508
N 2.9081830215 1.6790402455 0.8376104735
B 2.9002712458 1.6744723797 -0.7757053738
H 2.9059189252 2.617490654 1.2259543554
H 3.7197728663 1.2078542747 1.2259543554
H 2.0865673272 1.2046802045 1.2135079098
H 3.896135679 2.2494349769 -1.1427563508
H 1.8892721281 2.2533658848 -1.114021067
H 2.8961081659 0.509474708 -1.114021067
N -2.9081830178 1.6790402518 0.8376104735
B -2.9002712422 1.674472386 -0.7757053738
H -2.9059189196 2.6174906603 1.2259543554
H -2.0865673246 1.204680209 1.2135079098
H -3.7197728637 1.2078542827 1.2259543554
H -1.8892721232 2.2533658889 -1.114021067
H -3.8961356742 2.2494349854 -1.1427563508
H -2.8961081648 0.5094747143 -1.114021067
N 0. -0.0000000006 3.9685704752
B 0. -0.0000000006 5.5555399415
H -0.8191964519 0.4729632927 3.5847782053
H -0.000000001 -0.9459265852 3.5847782053
H 0.8191964529 0.4729632909 3.5847782053
H -1.0006988555 -0.5777537527 5.9370757943
H 0.0000000013 1.1555075059 5.9370757943
H 1.0006988542 -0.5777537549 5.9370757943
N -0.0000000036 -3.3345695679 5.5542250179
B -0.0000000036 -3.33259993 3.9317909664
H -0.0000000026 -2.379105541 5.9153179208
H 0.8200190184 -3.8084312857 5.919161463
H -0.8200190267 -3.8084312839 5.919161463
H 1.0078621572 -2.7490523379 3.5964840007
40
173
H -1.0078621632 -2.7490523357 3.5964840007
H -0.0000000049 -4.4851411651 3.5782127095
N 2.8878219579 1.66728478 5.5542250179
B 2.8861162013 1.666299961 3.9317909664
H 2.8881887323 2.6143729435 5.919161463
H 3.7082077533 1.1940583325 5.919161463
H 2.0603658376 1.1895527674 5.9153179208
H 3.8842461905 2.2425705775 3.5782127095
H 1.8768180819 2.2473603998 3.5964840007
H 2.8846802402 0.5016919302 3.5964840007
N -2.8878219542 1.6672847863 5.5542250179
B -2.8861161977 1.6662999673 3.9317909664
H -2.8881887266 2.6143729498 5.919161463
H -2.060365835 1.1895527719 5.9153179208
H -3.7082077507 1.1940583405 5.919161463
H -1.876818077 2.2473604039 3.5964840007
H -3.8842461856 2.2425705859 3.5782127095
H -2.8846802391 0.5016919365 3.5964840007
N 0. -0.0000000006 -5.3860705991
B 0. -0.0000000006 -3.7949478071
H -0.8276294314 0.4778320756 -5.7499664718
H -0.000000001 -0.9556641511 -5.7499664718
H 0.8276294324 0.4778320738 -5.7499664718
H -1.0007470175 -0.577781559 -3.408585257
H 0.0000000013 1.1555631186 -3.408585257
H 1.0007470162 -0.5777815612 -3.408585257
N -0.0000000036 -3.3518258458 -3.8690135868
B -0.0000000036 -3.3288654344 -5.4891575916
H -0.0000000026 -2.4079921968 -3.4823625638
H 0.81332583 -3.8221276189 -3.4844758539
H -0.8133258383 -3.8221276171 -3.4844758539
H 1.0087127445 -2.7392945545 -5.8117579825
H -1.0087127504 -2.7392945523 -5.8117579825
H -0.0000000049 -4.4746214347 -5.8620936917
N 2.9027663329 1.6759129189 -3.8690135868
B 2.8828820333 1.6644327133 -5.4891575916
H 2.903396699 2.6154246389 -3.4844758539
H 3.7167225316 1.2067029702 -3.4844758539
H 2.0853824153 1.2039960953 -3.4823625638
H 3.8751358367 2.2373107123 -5.8620936917
H 1.8679423 2.2432181382 -5.8117579825
H 2.8766550455 0.4960764084 -5.8117579825
N -2.9027663293 1.6759129252 -3.8690135868
B -2.8828820297 1.6644327195 -5.4891575916
H -2.9033966933 2.6154246452 -3.4844758539
41
174
H -2.0853824127 1.2039960998 -3.4823625638
H -3.716722529 1.2067029783 -3.4844758539
H -1.8679422951 2.2432181423 -5.8117579825
H -3.8751358319 2.2373107207 -5.8620936917
H -2.8766550444 0.4960764146 -5.8117579825
Table S30: Harmonic vibrational frequencies of 12-C3v at the M06-2X/6-
311++G(2df, 2pd) level of theory.













































































































































































































Table S31: Cartesian coordinates of the 2-Cs crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
N 0. 1.1485421423 6.5515777809
H 0. 2.2138 6.6862
H 0.7553 0.7233 6.9654
B 0. 0.9035594304 4.9863236166
H 0. -0.2100729293 4.6866992769
H 0.9979315503 1.2903856783 4.4872996628
H -0.7553 0.7233 6.9654
H -0.9979315503 1.2903856783 4.4872996628
N 0. 0.4487525812 1.873666763
46
179
H 0. 1.3334942635 2.3728980252
H 0.8144881603 -0.0613272511 2.1998202952
B 0. 0.6345734411 0.251436934
H 0. -0.4845071242 -0.203604842
H 1.0075604622 1.2489260497 -0.0052826411
H -0.8144881603 -0.0613272511 2.1998202952
H -1.0075604622 1.2489260497 -0.0052826411
Table S32: Harmonic vibrational frequencies of the 2-Cs crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.

























Table S33: Cartesian coordinates of the 3-Cs crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
N 0. 0.7653844788 1.594743452
H 0. 1.6390724919 2.1143555007
H 0.8146108702 0.2471556542 1.9100141177
B 0. 0.9851305893 -0.0231852778
47
180
H 0. -0.1231430271 -0.5093952219
H 1.005953986 1.6036331216 -0.2800591976
H -0.8146108702 0.2471556542 1.9100141177
H -1.005953986 1.6036331216 -0.2800591976
N 0. 1.1464574465 -3.4190819652
H 0. 2.2138866708 -3.2864855584
H 0.7562100892 0.7242601679 -3.0074933165
B 0. 0.9041856462 -4.9860133552
H 0. -0.2101 -5.2852
H 0.9981 1.2902 -5.4846
H -0.7562100892 0.7242601679 -3.0074933165
H -0.9981 1.2902 -5.4846
N 0. 1.1484158847 6.5515975218
H 0. 2.2138 6.6862
H 0.7553 0.7233 6.9654
B 0. 0.9049516255 4.9853454828
H 0. -0.210194378 4.6871514454
H 0.9985146558 1.2897383843 4.4881365308
H -0.7553 0.7233 6.9654
H -0.9985146558 1.2897383843 4.4881365308
Table S34: Harmonic vibrational frequencies of the 3-Cs crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.



























Table S35: Cartesian coordinates of the 5-Cs crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
N 0. 0.7837178018 1.5952206905
H 0. 1.6597486731 2.1116689326
H 0.8135048303 0.2686050903 1.9193458375
B 0. 0.988609044 -0.0220909061
H 0. -0.1228694046 -0.5033333235
H 1.0053703366 1.604970876 -0.2895729885
H -0.8135048303 0.2686050903 1.9193458375
H -1.0053703366 1.604970876 -0.2895729885
N 0. 1.1489527861 -3.4208743101
H 0. 2.213763593 -3.2855132392
H 0.7550425525 0.7230329128 -3.0064952975
B 0. 0.9040415957 -4.9859908638
H 0. -0.2101 -5.2852
H 0.9981 1.2902 -5.4846
H -0.7550425525 0.7230329128 -3.0064952975
H -0.9981 1.2902 -5.4846
N 0. 1.1484115619 6.5515981932
H 0. 2.2138 6.6862
H 0.7553 0.7233 6.9654
B 0. 0.9038443183 4.9862276906
H 0. -0.2100549779 4.6866326157
H 0.9980021421 1.2903376486 4.4873552543
H -0.7553 0.7233 6.9654
H -0.9980021421 1.2903376486 4.4873552543
N 0. 1.1484 -8.4064
H 0. 2.2138 -8.2718
H 0.7553 0.7233 -7.9926
B 0. 0.9041 -9.972
H 0. -0.2101 -10.2712
H 0.9981 1.2902 -10.4706
H -0.7553 0.7233 -7.9926
H -0.9981 1.2902 -10.4706
N 0. 1.1484 11.5376
H 0. 2.2138 11.6722
H 0.7553 0.7233 11.9514
B 0. 0.9041 9.972
H 0. -0.2101 9.6728
49
182
H 0.9981 1.2902 9.4734
H -0.7553 0.7233 11.9514
H -0.9981 1.2902 9.4734
Table S36: Harmonic vibrational frequencies of the 5-Cs crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.

























Table S37: Cartesian coordinates of the 9-Cs crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
N 0. 1.1809190662 1.5669717671
H 0. 2.19145722 1.6723901368
H 0.8365055109 0.7993058276 2.0035899705
B 0. 0.7561597597 -0.005728207
H 0. -0.4559738629 0.0012559651
H 1.0051246635 1.2208705521 -0.4840368045
H -0.8365055109 0.7993058276 2.0035899705
H -1.0051246635 1.2208705521 -0.4840368045
50
183
N -2.6974269557 -1.1481292416 -0.9278099767
H -2.6975361878 -2.2137926013 -0.7927416919
H -3.4527999996 -0.7232993505 -0.513600665
B -2.6974787855 -0.9041327583 -2.4930051057
H -2.6975 0.2101 -2.7922
H -3.6956 -1.2902 -2.9916
H -1.9422942291 -0.7235937667 -0.5131657438
H -1.6994 -1.2902 -2.9916
N -2.697493093 -1.1484 4.0586
H -2.6975 -2.2138 4.1932
H -3.4528 -0.7233 4.4724
B -2.697494938 -0.9040983808 2.4930060289
H -2.6974958498 0.2100994298 2.1937734579
H -3.6956041662 -1.2901981457 1.9944069042
H -1.9422 -0.7233 4.4724
H -1.6994048261 -1.2902021479 1.9943920027
N -2.6975238861 3.7386048491 -0.9273615854
H -2.6975153709 2.6732403139 -0.7928851378
H -3.4527906488 4.1637019073 -0.5135848914
B -2.6975075326 3.9828999999 -2.4930000001
H -2.6975 5.0971 -2.7922
H -3.6956 3.5968 -2.9916
H -1.9421943399 4.1636988455 -0.5136091464
H -1.6994 3.5968 -2.9916
N -2.6975031135 3.7385933033 4.0585989548
H -2.6975 2.6732 4.1932
H -3.4528 4.1637 4.4724
B -2.6974661442 3.9829219229 2.4930507734
H -2.6974965098 5.097101553 2.1938057817
H -3.6956000001 3.5968084104 1.994393488
H -1.9422 4.1637 4.4724
H -1.6994683526 3.5967758578 1.9943365526
N 2.6974269557 -1.1481292416 -0.9278099767
H 2.6975361878 -2.2137926013 -0.7927416919
H 1.9422942291 -0.7235937667 -0.5131657438
B 2.6974787855 -0.9041327583 -2.4930051057
H 2.6975 0.2101 -2.7922
H 1.6994 -1.2902 -2.9916
H 3.4527999996 -0.7232993505 -0.513600665
H 3.6956 -1.2902 -2.9916
N 2.697493093 -1.1484 4.0586
H 2.6975 -2.2138 4.1932
H 1.9422 -0.7233 4.4724
B 2.697494938 -0.9040983808 2.4930060289
H 2.6974958498 0.2100994298 2.1937734579
51
184
H 1.6994048261 -1.2902021479 1.9943920027
H 3.4528 -0.7233 4.4724
H 3.6956041662 -1.2901981457 1.9944069042
N 2.6975238861 3.7386048491 -0.9273615854
H 2.6975153709 2.6732403139 -0.7928851378
H 1.9421943399 4.1636988455 -0.5136091464
B 2.6975075326 3.9828999999 -2.4930000001
H 2.6975 5.0971 -2.7922
H 1.6994 3.5968 -2.9916
H 3.4527906488 4.1637019073 -0.5135848914
H 3.6956 3.5968 -2.9916
N 2.6975031135 3.7385933033 4.0585989548
H 2.6975 2.6732 4.1932
H 1.9422 4.1637 4.4724
B 2.6974661442 3.9829219229 2.4930507734
H 2.6974965098 5.097101553 2.1938057817
H 1.6994683526 3.5967758578 1.9943365526
H 3.4528 4.1637 4.4724
H 3.6956000001 3.5968084104 1.994393488
Table S38: Harmonic vibrational frequencies of the 9-Cs crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.



























Table S39: Cartesian coordinates of the 11-Cs crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
amu−1
N 0. 1.1407739604 1.5656217651
H 0. 2.1423646425 1.7398259278
H 0.8299949684 0.73982984 1.9997825463
B 0. 0.8112500606 -0.0168015765
H 0. -0.3985845385 -0.1024784873
H 1.0045809347 1.2993819008 -0.4812284923
H -0.8299949684 0.73982984 1.9997825463
H -1.0045809347 1.2993819008 -0.4812284923
N 0. 1.1484 -3.4204
H 0. 2.2138 -3.2858
H 0.7553 0.7233 -3.0066
B 0. 0.9041 -4.986
H 0. -0.2101 -5.2852
H 0.9981 1.2902 -5.4846
H -0.7553 0.7233 -3.0066
H -0.9981 1.2902 -5.4846
N 0. 1.1484 6.5516
H 0. 2.2138 6.6862
H 0.7553 0.7233 6.9654
B 0. 0.9041 4.986
H 0. -0.2101 4.6868
H 0.9981 1.2902 4.4874
H -0.7553 0.7233 6.9654
H -0.9981 1.2902 4.4874
N -2.6974760861 -1.1485923182 -0.9272461245
H -2.6974708053 -2.2138059586 -0.792847169
H -3.4528000104 -0.7233899271 -0.5135076672
B -2.6975159276 -0.9040754224 -2.4929961652
H -2.6975 0.2101 -2.7922
H -3.6956 -1.2902 -2.9916
H -1.9423359555 -0.7231213933 -0.5138244135
H -1.6994 -1.2902 -2.9916
N -2.6974762151 -1.1484000011 4.0585999998
H -2.6975 -2.2138 4.1932
H -3.4528 -0.7233 4.4724
B -2.6975129848 -0.9040971454 2.4930106273
H -2.697517725 0.2101540297 2.1937768305
53
186
H -3.6956133123 -1.2901940757 1.99442206
H -1.9422 -0.7233 4.4724
H -1.6994130471 -1.2902058055 1.994378378
N -2.6975291981 3.7386007039 -0.9273944197
H -2.6975373618 2.6732362089 -0.7927941955
H -3.4527908048 4.1637018791 -0.5135851431
B -2.697520557 3.982899999 -2.4929999996
H -2.6975 5.0971 -2.7922
H -3.6956 3.5968 -2.9916
H -1.9422030875 4.16370063 -0.5135950143
H -1.6994 3.5968 -2.9916
N -2.6975018915 3.7385959311 4.0585993651
H -2.6975 2.6732 4.1932
H -3.4528 4.1637 4.4724
B -2.6974916154 3.9829085211 2.4930101863
H -2.697496527 5.0971015456 2.1938057557
H -3.6955999999 3.596803578 1.9943972291
H -1.9422 4.1637 4.4724
H -1.699381621 3.5967790209 1.99438988
N 2.6974760861 -1.1485923182 -0.9272461245
H 2.6974708053 -2.2138059586 -0.792847169
H 1.9423359555 -0.7231213933 -0.5138244135
B 2.6975159276 -0.9040754224 -2.4929961652
H 2.6975 0.2101 -2.7922
H 1.6994 -1.2902 -2.9916
H 3.4528000104 -0.7233899271 -0.5135076672
H 3.6956 -1.2902 -2.9916
N 2.6974762151 -1.1484000011 4.0585999998
H 2.6975 -2.2138 4.1932
H 1.9422 -0.7233 4.4724
B 2.6975129848 -0.9040971454 2.4930106273
H 2.697517725 0.2101540297 2.1937768305
H 1.6994130471 -1.2902058055 1.994378378
H 3.4528 -0.7233 4.4724
H 3.6956133123 -1.2901940757 1.99442206
N 2.6975291981 3.7386007039 -0.9273944197
H 2.6975373618 2.6732362089 -0.7927941955
H 1.9422030875 4.16370063 -0.5135950143
B 2.697520557 3.982899999 -2.4929999996
H 2.6975 5.0971 -2.7922
H 1.6994 3.5968 -2.9916
H 3.4527908048 4.1637018791 -0.5135851431
H 3.6956 3.5968 -2.9916
N 2.6975018915 3.7385959311 4.0585993651
H 2.6975 2.6732 4.1932
54
187
H 1.9422 4.1637 4.4724
B 2.6974916154 3.9829085211 2.4930101863
H 2.697496527 5.0971015456 2.1938057557
H 1.699381621 3.5967790209 1.99438988
H 3.4528 4.1637 4.4724
H 3.6955999999 3.596803578 1.9943972291
Table S40: Harmonic vibrational frequencies of the 11-Cs crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.

























Table S41: Cartesian coordinates of the 13-C1 crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
amu−1
B 0.7315532046 -0.3450104413 -9.3629992184
N -0.1643259892 -1.1608404804 -8.2973910807
H 0.4109284923 -1.6674726357 -7.6294785333
H -0.7594410461 -0.5167294686 -7.7781060182
55
188
H 1.4055695854 0.442472567 -8.73835326
H -0.0525454321 0.2165034498 -10.0987762911
H 1.4093535326 -1.1534855548 -9.9562841428
H -0.754085432 -1.83396256 -8.7851600506
H -0.96769 -0.82801 -4.31759
N 0.0142111419 -1.2356384394 -12.6267828778
H -0.8276606413 -0.8279640504 -13.1408116485
H 0.0162026669 -2.1959301223 -12.6192698417
H 0.0162165066 -1.0007779612 -11.6955382235
B 1.3033577965 -0.6722676936 -13.3761580389
H 1.38916 -1.07983 -14.48205
H 1.38916 0.49937 -13.26149
N -3.5466200896 -3.3696673021 -9.8091956438
H -4.38849 -2.96205 -10.3232
H -3.54455 -4.32998 -9.80167
H -3.54455 -3.13491 -8.87801
B -2.2574869272 -2.8062869636 -10.5585782125
H -2.17163831 -3.2138666813 -11.664451092
H -2.1716427887 -1.6346803718 -10.4438941139
H 8.53656 3.12851 -15.62983
H 6.37003 2.5075 -14.39504
H 4.97575 0.99447 -12.81224
N 3.4350473208 -3.3695264295 -9.9199415838
H 2.5931437358 -2.961944848 -10.4337967659
H 3.4371096949 -4.3299805341 -9.9125318172
H 3.4370331125 -3.1349520809 -8.988779332
H 2.80922 0.37346 -11.57744
B 4.7241406291 -2.8062187222 -10.6693203671
H 2.29692 -1.03074 -12.92807
H 4.80997 -3.21387 -11.77523
H 4.80997 -1.63468 -10.55468
N -0.1258064378 -5.5037008018 -7.1023744749
H -0.96769 -5.0961 -7.61639
H -0.12374 -6.46402 -7.09486
H -0.12374 -5.26896 -6.1712
B 1.1633279014 -4.9403118239 -7.8517497979
H -1.2639065798 -3.1647754224 -10.1104439876
H 1.2491613866 -5.3479201163 -8.9576398495
H 1.2491112858 -3.768642726 -7.737101906
H -2.14586 -3.27363 -7.17706
H -4.3124 -3.89463 -5.94226
H -5.70667 -5.40767 -4.35947
H -7.87321 -6.02868 -3.12467
H 5.71773 -3.16479 -10.22126
H 2.1569195538 -5.2988300595 -7.4036690582
56
189
H 7.34394 4.4879 -15.73784
H 3.78313 2.35385 -12.92025
N 0.0142172576 3.032480291 -9.3279503452
H -0.827661 3.4400796886 -9.8420377451
H 0.0162176232 2.0720767877 -9.320542202
H 0.0162040315 3.2672198806 -8.3967998455
B 1.3033584531 3.5958704473 -10.0773207173
H 1.38916 3.18826 -11.18324
H 1.38916 4.76746 -9.96269
N -3.5466199332 0.8984354472 -6.5103857898
H -4.38849 1.30604 -7.0244
H -3.54455 -0.06189 -6.50287
H -3.54455 1.13318 -5.57921
B -2.2574882995 1.4618214633 -7.259750426
H -3.33848 -1.91424 -7.28507
H -2.1716419737 1.0542161241 -8.3656487246
H -2.171639765 2.6334100313 -7.145090496
H -6.89929 -4.04828 -4.46748
H 8.53656 4.7077 -14.40928
N 6.96318 3.0965 -13.93157
H 7.61278 2.57366 -13.26541
H 6.37003 3.70257 -13.47137
B 7.91024 3.87329 -14.95163
H 4.97575 2.57366 -11.59169
N 3.40238 0.96245 -11.11398
N 3.4350457664 0.8983708912 -6.6212918326
H 4.05197 0.43961 -10.44782
H 2.5931391816 1.3058373643 -7.1352354481
H 2.80922 1.56852 -10.65378
H 3.4370331207 -0.0618897111 -6.6136057463
H 3.4371107045 1.1332593562 -5.6900101178
B 4.34943 1.73925 -12.13404
B 4.7241393681 1.461768483 -7.370589818
H 2.29692 3.23735 -9.62927
H 4.80997 1.05422 -8.47643
H 4.80997 2.63341 -7.25587
N -0.125807262 -1.2356140143 -3.8035783079
H -0.12374 -2.19593 -3.79606
H -0.12374 -1.00087 -2.87239
B 1.1633257061 -0.6722381969 -4.5529536262
H -1.2638974603 1.1032659354 -6.8116840953
H -2.14586 -1.69443 -5.9565
H 1.2491013581 -1.0798349353 -5.6589170561
H 1.249163142 0.4993697364 -4.438279659
N -3.71924 -3.30564 -5.4788
57
190
H -3.06965 -3.82848 -4.81264
H -4.3124 -2.69957 -5.0186
B -2.77219 -2.52884 -6.49886
H -5.70667 -3.82848 -3.13891
N -7.28005 -5.43968 -2.6612
H -6.63045 -5.96252 -1.99504
H -7.87321 -4.83361 -2.201
B -6.33299 -4.66289 -3.68127
H 5.71773 1.1033 -6.92246
H 2.1569190225 -1.0307419195 -4.1048593684
Table S42: Harmonic vibrational frequencies of the 13-C1 crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.

























Table S43: Cartesian coordinates of the 15-C1 crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
N 0.0008039838 -0.571911133 0.1780521247
58
191
H 0.0008715643 -0.4591137012 1.1891409339
H 0.8324270265 -1.0936126638 -0.0877663219
B -0.0001125935 0.8868178644 -0.5355103653
H -0.0001256777 0.6681262946 -1.7313094569
H 1.0036282776 1.4378823359 -0.1537416193
H -0.8303058485 -1.0945374515 -0.0875424987
H -1.0043631223 1.4367577339 -0.1534817723
N -0.001372 4.270263 -0.081851
H -0.001241 4.134147 0.983356
H 0.754065 3.857375 -0.507593
B -0.002024 5.836209 -0.323923
H -0.002225 6.136994 -1.437696
H 0.995901 6.334664 0.062815
H -0.756535 3.856762 -0.507486
H -1.000299 6.333854 0.062957
N 0.002671 -5.701726 -0.096041
H 0.002802 -5.837842 0.969166
H 0.758109 -6.114614 -0.521783
B 0.002019 -4.13578 -0.338113
H 0.001818 -3.834995 -1.451886
H 0.999944 -3.637325 0.048625
H -0.752491 -6.115227 -0.521676
H -0.996255 -3.638135 0.048767
N -2.6978428478 1.7802687492 -2.3815124033
H -2.6980776268 1.6463051837 -3.4475899235
H -3.4531270162 1.3646065697 -1.9575614532
B -2.6985999425 3.3447006873 -2.1355429421
H -2.698684 3.642305 -1.020853
H -3.696972 3.843435 -2.520797
H -1.9424820122 1.3642658599 -1.9579381063
H -1.700772 3.844244 -2.520939
N -2.696011718 -3.2065549984 -2.3891000013
H -2.696025 -3.339638 -3.454691
H -3.451105 -3.621265 -1.964536
B -2.6966603232 -1.6414569632 -2.1425316271
H -2.696404468 -1.3431155623 -1.0282898551
H -3.6949477777 -1.142555658 -2.5278934316
H -1.940505 -3.620653 -1.964643
H -1.6987787383 -1.1417038132 -2.5280466558
N -2.6977584563 1.7724342151 2.5049959645
H -2.69765651 1.639376716 1.4395014801
H -3.4527871428 1.3577900736 2.9295523663
B -2.6982622239 3.3377370018 2.7515170004
H -2.698335 3.635351 3.866142
H -3.696623 3.836481 2.366198
59
192
H -1.9421728644 1.3583964555 2.9294455689
H -1.700423 3.83729 2.366056
N -2.695654 -3.213508 2.497895
H -2.695676 -3.346592 1.432304
H -3.450756 -3.628219 2.922459
B -2.696272 -1.648258 2.744422
H -2.696314 -1.350644 3.859047
H -3.694601 -1.149514 2.359103
H -1.940156 -3.627607 2.922352
H -1.698402 -1.148704 2.358961
N 2.6971107629 1.78149773 -2.3822704638
H 2.6969404397 1.6485661026 -3.4479807498
H 1.9415448923 1.3671930847 -1.9577531996
B 2.6963447603 3.346881482 -2.1358788806
H 2.696315 3.644493 -1.021235
H 1.698028 3.845623 -2.521179
H 3.4524729895 1.3673912952 -1.9580655892
H 3.694227 3.846432 -2.521321
N 2.698989 -3.204366 -2.389482
H 2.698975 -3.33745 -3.455073
H 1.943895 -3.619077 -1.964918
B 2.698397 -1.639234 -2.142923
H 2.698116 -1.341082 -1.028431
H 1.700072 -1.140334 -2.528284
H 3.454494 -3.618465 -1.965025
H 3.696256 -1.139574 -2.528412
N 2.697323 1.774674 2.504608
H 2.697302 1.64159 1.439017
H 1.942222 1.359963 2.929172
B 2.696706 3.339925 2.751135
H 2.696664 3.637539 3.86576
H 1.698376 3.838669 2.365816
H 3.452821 1.360576 2.929065
H 3.694576 3.839479 2.365675
N 2.699345 -3.21132 2.497513
H 2.699324 -3.344404 1.431922
H 1.944243 -3.626031 2.922077
B 2.698728 -1.64607 2.74404
H 2.698686 -1.348455 3.858665
H 1.700398 -1.147326 2.358721
H 3.454843 -3.625418 2.92197
H 3.696598 -1.146516 2.35858
N 0.000301 -0.708777 -4.975941
H 0.000432 -0.844893 -3.910734
H 0.755738 -1.121666 -5.401683
60
193
B -0.000351 0.857168 -5.218013
H -0.000552 1.157954 -6.331786
H 0.997574 1.355623 -4.831275
H -0.754862 -1.122278 -5.401576
H -0.998626 1.354814 -4.831133
N -5.3944240173 -0.717653748 -0.0889540277
H -5.394219 -0.854035 0.976643
H -4.6388096419 -1.1313568571 -0.5136921759
B -5.3948845361 0.8478789147 -0.3307493744
H -5.395203 1.148811 -1.444409
H -4.3972309815 1.3467134793 0.05624248
H -6.149512 -1.131421 -0.514199
H -6.393277 1.345672 0.056243
N 0.000998 -0.722685 4.798049
H 0.001129 -0.858801 5.863256
H 0.756436 -1.135574 4.372307
B 0.000346 0.843261 4.555977
H 0.000145 1.144046 3.442204
H 0.998271 1.341715 4.942715
H -0.754164 -1.136186 4.372414
H -0.997928 1.340906 4.942857
N 5.395682 -0.713424 -0.089502
H 5.39578 -0.849659 0.975879
H 6.151087 -1.126432 -0.51507
B 5.394997 0.852403 -0.3314
H 5.394796 1.153188 -1.445173
H 6.392922 1.350857 0.055338
H 4.640451 -1.127331 -0.514709
H 4.396722 1.350048 0.05548
Table S44: Harmonic vibrational frequencies of the 15-C1 crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.



























Table S45: Cartesian coordinates of the 19-C1 crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
N 0.7159766267 -0.0000009638 -0.2181436279
H 0.9100319492 0.000000775 0.7808151953
H 1.1568054162 0.8273056653 -0.6203729577
B -0.8599442927 0.0000007186 -0.5300348108
H -0.9736688149 0.000000051 -1.7394381616
H -1.3334630587 1.0031080602 -0.0406414234
H 1.156803509 -0.827310144 -0.6203699107
H -1.3334655987 -1.0031045832 -0.0406399036
N -6.7733410669 2.6975011014 2.3671771446
H -6.6351700669 2.6975001037 1.3022711446
H -6.3609170548 1.9422011081 2.7937211446
B -8.3397450669 2.6975010763 2.6063201446
H -8.6426080669 2.6975010714 3.7195591446
H -8.8370590509 1.6994210683 2.2185951446
H -6.3609170791 3.4528011081 2.7937211446
H -8.837059083 3.6955810683 2.2185941446
N -4.2717430236 0.0000001416 -0.2146188554
H -4.1406560236 0.0000001437 0.8511831446
H -3.8564920358 0.7553001483 -0.6384108554
B -5.8365220236 0.0000001165 -0.4641828554
H -6.1319760236 0.0000001117 -1.5794018554
H -6.3364030397 0.9980701085 -0.0797628554
H -3.8564920115 -0.7552998517 -0.6384108554
H -6.3364030076 -0.9980798915 -0.0797628554
N -1.7873796199 2.6974902718 2.3837547754
H -1.6491584672 2.697527327 1.3188112173
H -1.3749495642 1.9421973954 2.8102985595
B -3.3537730669 2.6974965281 2.6228991446
62
195
H -3.6566360669 2.6975011515 3.7361381446
H -3.8510860509 1.6994201484 2.2351731446
H -1.3749487521 3.4528024629 2.810298668
H -3.851086083 3.6955801484 2.2351731446
N 3.198607826 2.6974853732 2.400366194
H 3.3367749331 2.6975002638 1.3354271446
H 3.6110279452 1.9422002682 2.8268781446
B 1.6322387583 2.6974537782 2.6395469379
H 1.3293361366 2.6975007126 3.7527159279
H 1.1348423764 1.6996937799 2.251705376
H 3.6110279209 3.4528002682 2.8268781446
H 1.1348936757 3.6955802284 2.2517411931
N 5.7002019764 0.0000003018 -0.1814618554
H 5.8312889764 0.0000003039 0.8843391446
H 6.1154529642 0.7553003084 -0.6052538554
B 4.1354229764 0.0000002766 -0.4310268554
H 3.8399689764 0.0000002719 -1.5462448554
H 3.6355419603 0.9980702686 -0.0466068554
H 6.1154529885 -0.7552996916 -0.6052538554
H 3.6355419924 -0.9980797314 -0.0466068554
N 8.1845759331 2.6975003417 2.4169121446
H 8.3227469331 2.6975003439 1.3520061446
H 8.5969999452 1.9422003483 2.8434561446
B 6.6181719331 2.6975003165 2.6560551446
H 6.3153089331 2.6975003116 3.7692951446
H 6.1208589491 1.6994203085 2.2683301446
H 8.5969999209 3.4528003483 2.8434561446
H 6.120858917 3.6955803085 2.2683301446
N -6.7570920669 2.6975001017 -2.5197958554
H -6.6189210669 2.6975001039 -3.5847018554
H -6.3446680548 1.9422001083 -2.0932518554
B -8.3234960669 2.6975000765 -2.2806528554
H -8.6263590669 2.6975000717 -1.1674138554
H -8.8208100509 1.6994200686 -2.6683778554
H -6.3446680791 3.4528001083 -2.0932518554
H -8.820810083 3.6955800686 -2.6683788554
N -1.7712383171 2.6974921113 -2.5031168102
H -1.6329178032 2.6975189267 -3.5681199287
H -1.3585380305 1.94231183 -2.0767858936
B -3.3375298809 2.6974754759 -2.2641119371
H -3.6403870669 2.6975001518 -1.1508348554
H -3.8348370509 1.6994201486 -2.6517998554
H -1.3587870105 3.4528001884 -2.0765859339
H -3.834837083 3.6955801486 -2.6517998554
N 3.214852933 2.6975205143 -2.4866388554
63
196
H 3.3530239331 2.6975002641 -3.5515458554
H 3.6272769452 1.9422002685 -2.0600948554
B 1.648426336 2.6975038526 -2.247502003
H 1.3456148037 2.6976629532 -1.1342962579
H 1.1511617352 1.6994040511 -2.6352145681
H 3.6272769209 3.4528002685 -2.0600948554
H 1.1511015967 3.6955601047 -2.6352309204
N 8.2008249331 2.6975003419 -2.4700608554
H 8.3389969331 2.6975003441 -3.5349668554
H 8.6132489452 1.9422003485 -2.0435168554
B 6.6344209331 2.6975003168 -2.2309178554
H 6.3315579331 2.6975003119 -1.1176778554
H 6.1371079491 1.6994203088 -2.6186428554
H 8.6132489209 3.4528003485 -2.0435168554
H 6.137107917 3.6955803088 -2.6186428554
N -6.7733409803 -2.6974988986 2.3671771446
H -6.6351699803 -2.6974998963 1.3022711446
H -6.3609169682 -3.4527988919 2.7937211446
B -8.3397449803 -2.6974989237 2.6063201446
H -8.6426079803 -2.6974989286 3.7195601446
H -8.8370589643 -3.6955789317 2.2185951446
H -6.3609169924 -1.9421988919 2.7937211446
H -8.8370589963 -1.6994289317 2.2185951446
N -1.7873795332 -2.6974899099 2.3837547754
H -1.649158379 -2.6975269614 1.3188112106
H -1.3749486404 -3.4528020861 2.8102996681
B -3.3537729803 -2.6974962162 2.6228991446
H -3.6566359803 -2.6974988485 3.7361381446
H -3.8510859643 -3.6955798516 2.2351731446
H -1.3749495027 -1.9421970186 2.8102985594
H -3.8510859963 -1.6994298516 2.2351731446
N 3.1986079127 -2.6974848498 2.4003661944
H 3.3367750197 -2.6974997362 1.3354281446
H 3.6110270318 -3.4527997318 2.8268781446
B 1.6322388494 -2.6974533011 2.6395469421
H 1.3293352262 -2.6975002477 3.7527159287
H 1.1348937938 -3.6955797716 2.2517421937
H 3.6110270076 -1.9421997318 2.8268781446
H 1.1348424106 -1.699703337 2.2517063744
N 8.1845760197 -2.6974996583 2.4169131446
H 8.3227470197 -2.6974996561 1.3520061446
H 8.5970000318 -3.4527996517 2.8434561446
B 6.6181720197 -2.6974996835 2.6560561446
H 6.3153090197 -2.6974996884 3.7692951446
H 6.1208580357 -3.6955796915 2.2683301446
64
197
H 8.5970000076 -1.9421996517 2.8434561446
H 6.1208580037 -1.6994296915 2.2683301446
N -6.7570919803 -2.6974998983 -2.5197958554
H -6.6189209803 -2.6974998961 -3.5847018554
H -6.3446679682 -3.4527998917 -2.0932518554
B -8.3234959803 -2.6974999235 -2.2806528554
H -8.6263589803 -2.6974999283 -1.1674128554
H -8.8208099643 -3.6955799314 -2.6683778554
H -6.3446679924 -1.9421998917 -2.0932518554
H -8.8208099963 -1.6994299314 -2.6683778554
N -1.7712382301 -2.6974917473 -2.5031168113
H -1.6329177166 -2.6975185588 -3.5681199287
H -1.3587868991 -3.4527998115 -2.0765849345
B -3.3375297942 -2.6974751627 -2.2641119371
H -3.6403869803 -2.6974998482 -1.1508348554
H -3.8348369643 -3.6955798514 -2.6517998554
H -1.3585379684 -1.9423114464 -2.0767858898
H -3.8348369963 -1.6994298514 -2.6517998554
N 3.2148530197 -2.6975199894 -2.4866388554
H 3.3530240197 -2.6974997359 -3.5515448554
H 3.6272770318 -3.4527997315 -2.0600948554
B 1.648426428 -2.6975033791 -2.2475020016
H 1.345614887 -2.6976624863 -1.1342962462
H 1.1511017175 -3.6955596485 -2.6352299198
H 3.6272770076 -1.9421997315 -2.0600948554
H 1.1511617891 -1.6994135939 -2.6352135682
N 8.2008250197 -2.6974996581 -2.4700598554
H 8.3389970197 -2.6974996559 -3.5349668554
H 8.6132490318 -3.4527996515 -2.0435168554
B 6.6344210197 -2.6974996832 -2.2309168554
H 6.3315580197 -2.6974996881 -1.1176778554
H 6.1371080357 -3.6955796912 -2.6186428554
H 8.6132490076 -1.9421996515 -2.0435168554
H 6.1371080037 -1.6994296912 -2.6186428554
Table S46: Harmonic vibrational frequencies of the 19-C1 crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.



























Table S47: Cartesian coordinates of the 16-C1 crystal model at the M06-2X/6-
311++G(2df, 2pd) level of theory.
B -1.7661701156 0.5535728729 -1.0561806053
N -2.5775724058 -0.5133374812 -0.1304744689
H -2.2405883115 0.4345680116 -2.165346202
H -0.6067751221 0.2261303522 -1.0065200242
H -1.9748332891 1.6393830211 -0.5756186334
H -2.4026287425 -1.452057762 -0.4803991182
H -2.261227105 -0.4409824654 0.8328002769
H -3.5748131063 -0.3076659979 -0.170753787
H 3.3698937302 0.9042692341 1.5759713917
H 3.7210157608 0.4257932772 -0.3499368396
B 2.9070036765 0.8061421897 0.4567309329
H 2.3236749142 1.7960904409 0.0994682831
N 1.7957632565 -0.3752088448 0.5675796305
H 2.2417020812 -1.2426828289 0.8582828353
H 1.087638491 -0.1130454408 1.2499213001
H 1.3472108563 -0.5225191656 -0.3331033327
N 6.0812922929 -0.1017556418 1.2260099763
H 6.3058526493 -0.1338521606 2.2174323278
H 6.2396486145 -1.0298883354 0.840395459
H 5.0802543015 0.102619298 1.141404709
B 6.8930786958 1.0196177096 0.4549223075
H 8.0708948101 0.7197413174 0.5831897851
H 6.6210270184 2.0650847715 0.998654489
66
199
H -0.5240523719 4.7716678222 2.6878684297
N 2.2934354576 3.5209835427 2.5044560892
H 2.572329069 3.4264991629 3.4771083884
H 2.4361791202 2.6218366909 2.0393576666
H 1.2949225303 3.7404551834 2.4694639044
B 3.1053441588 4.6421090838 1.7335366651
H 4.2762219135 4.3259587441 1.8074547586
H 2.8739173657 5.6850905834 2.3247883712
N 4.0799815193 -0.6317999275 -3.2008408379
H 4.1979750376 -0.5209183869 -2.1928461247
H 4.3539538763 -1.5749542023 -3.4606577354
H 3.0826777333 -0.5131713957 -3.3972997732
B 4.8920632866 0.4895038643 -3.971927073
H 6.5260356602 0.9676618157 -0.6958814723
H 4.6500879088 0.3126814497 -5.1552973895
H 6.0666540391 0.2936244236 -3.7195151763
H 1.5475367355 -0.139137632 -4.9588166993
H 4.4896449916 1.5499412819 -3.5643803221
H 1.3938879365 0.4710802652 -3.0415036992
H -2.5016920938 4.2139654132 -1.7449949807
H 0.1469728216 1.2305836093 -4.4351959723
H -1.6108539204 5.3055196587 1.0691287583
H -3.6423673481 4.7915122243 -3.3057416859
N 0.292167158 2.9909323791 -1.9222986748
H 0.5188589356 3.011262478 -0.9282523997
H 0.5278205328 2.0718675915 -2.297143566
H -0.7089662624 3.1555383249 -2.0320402424
B 1.1041534901 4.1121049014 -2.6933378549
H 2.6863651985 4.6457814265 0.6003200088
H 0.7674561212 4.0251557362 -3.8617787169
H 2.2783220117 3.870174262 -2.5304709456
H -0.1375740508 3.93698088 0.8904665388
H -2.1730086912 3.4320915025 -3.5855387325
H 0.7679437394 5.1729546092 -2.2021836462
N 3.1766344267 -3.7566059624 2.9765871194
H 3.3785568962 -3.7200897959 3.9747220592
H 3.4278574444 -4.6857667216 2.644389855
H 2.1754725357 -3.6110816988 2.8484889301
B 3.9886108816 -2.6354248104 2.2055391964
H 5.1600204339 -2.8622153856 2.3958653403
H 3.6275901494 -1.5788853496 2.6792899304
H 0.49096314 -2.6243673329 3.1218627113
H -3.4095631475 1.1229090254 4.4200021211
N -0.6112374251 -0.1340429781 4.2551839038
H -0.320474821 -0.1816690017 5.230079126
67
200
H -0.4486604881 -1.0408624016 3.819244928
H -1.6088398049 0.0873336061 4.2225199315
B 0.200704992 0.9870834064 3.4841522296
H 1.3688467482 0.6736970178 3.5275575965
H -0.0421299702 2.0383050151 4.0305622273
N 1.1755123641 -4.2865593859 -1.4503910441
H 1.3752178666 -4.2245988755 -0.4532160698
H 1.43389596 -5.2140795484 -1.7816902534
H -0.6329121693 -4.86807192 2.7224443284
H 0.3023955533 -1.7265155513 -3.4563742951
H -2.6406531466 -5.411426959 -1.7356740771
H 0.1752613327 -4.1419801936 -1.5938254775
B 1.9874632526 -3.1654745748 -2.2213156242
H 3.678111147 -2.754251712 1.0330406963
H 1.6950090308 -3.285859411 -3.3943473582
H 3.1568301489 -3.365259567 -2.0020244934
H 0.6436843478 -3.2585608634 1.2191233283
H -1.351762087 -3.7849889325 -3.1988764655
H 1.5975002507 -2.1101650076 -1.7552871269
N -0.2067668681 -0.8970119531 -3.7669390275
N -3.1112948089 -4.5519548816 -2.0163026788
N -1.9933272618 3.2557555932 1.9385235733
N -4.8980316943 -0.3993378107 3.6891434753
N -3.9946289608 2.7256101297 -2.4883257514
N -6.8991653481 -0.929379721 -0.7377081157
H -1.6518750986 -4.2695582146 1.5835310781
H -0.7647833923 -1.1494886937 -4.5794849061
H -3.6504383726 -4.7818424739 -2.8532724682
H -2.4110047042 2.8987248426 1.0787604745
H -5.344789507 -0.7366782867 2.8386324916
H -4.4587825392 2.3828804353 -3.3271004197
H -7.3656123798 -1.2394884615 -1.5909560693
H -1.7683071576 -3.7679382924 3.1460137475
H -0.8431946715 -0.6100795993 -3.0215108826
H -3.7835940216 -4.3093910805 -1.2918918433
H -2.7446086386 3.5558953538 2.5556821786
H -5.6401323181 -0.0598339767 4.3027574252
H -4.7186848493 3.015165249 -1.8340126096
H -7.6329725386 -0.6130930254 -0.1037433731
B -0.0981999241 -2.8477899223 2.0825469889
B 0.8053644299 0.2772134534 -4.095279878
B -2.0992026404 -3.3777294098 -2.3446667804
B -0.981370321 4.4298472295 1.610177761
B -3.8859391995 0.7746912695 3.3608683843
B -2.9825080875 3.899792049 -2.816682298
68
201
B -5.8870609685 0.2447433643 -1.0660482959
H -1.511106221 -3.171991359 -1.2843240478
H -5.3852535959 0.5544727687 0.0034333933
H -0.7583067597 -1.902670875 1.7165291954
H -2.7579084068 -2.4237534124 -2.6792025026
H -4.5171913112 1.6375702016 2.8101681625
H -6.535502454 1.1381414291 -1.5452049487
H -1.5014020469 2.4790899093 2.3839630874
H -4.4606913774 -1.1882033321 4.1605775252
H -3.4914277848 1.9383035155 -2.073885744
H -6.4564839497 -1.7451004057 -0.32223997
H -0.2344886125 0.956869807 2.3398703458
H -3.0448150147 0.2743148903 2.6258104137
H -5.0726146306 -0.221852919 -1.8372676565
N -1.1101305089 -4.0219406729 2.4105443079
Table S48: Harmonic vibrational frequencies of the 16-C1 crystal model at the
M06-2X/6-311++G(2df, 2pd) level of theory.
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I. H2S MONOMER
TABLE S1. Harmonic vibrational frequencies (ω in cm−1) of H2S at various levels of theory.
ha(D+d)Z ha(T+d)Z ha(Q+d)Z ha(5+d)Z
MP2
2800 2796 2801 2801
2777 2778 2782 2782
1212 1213 1214 1216
CCSD(T)
2737 2731 2739 2739
2718 2716 2723 2724
1207 1207 1210 1212
TABLE S2. Select MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z fundamental modes, overtones and
combination bands (ν in cm−1) and their IR Intensities (I in km mol−1) of H2S.
MP2 CCSD(T)
Mode ν I ν I
2 ν3 5357 0.06 5197 0.00
2 ν1 5324 0.00 5188 0.06
ν1 + ν3 5298 0.04 5148 0.12
ν2 + ν3 3869 0.78 3787 0.68
ν1 + ν2 3856 0.52 3784 0.47
ν3 2701 1.10 2626 0.00
ν1 2685 0.35 2618 0.06
2 ν2 2365 0.06 2355 0.07
ν2 1187 0.37 1182 0.39
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TABLE S3. MP2/ha(Q+d)Z VPT2 anharmonic frequencies of H2S (ν in cm
−1) and their IR





2 ν2 2365 0.06
ν2 + ν1 3856 0.52
ν2 + ν3 3869 0.78
2 ν1 5324 0.03
2 ν3 5357 0.00
ν1 + ν3 5298 0.04
TABLE S4. CCSD(T)/ha(Q+d)Z VPT2 anharmonic frequencies of H2S, fundamental modes,





2 ν2 2355 0.07
ν1 + ν2 3784 0.47
ν3 + ν2 3787 0.68
ν3 + ν1 5148 0.12
2 ν1 5188 0.06




TABLE S5. Select MP2 and CCSD(T) optimized intra- and inter- molecular bond lengths (R in
Å) and angles (Θ in degrees) of (H2S)2 including CP and non-CP corrected optimized geometries
with the ha(D+d)Z, ha(T+d)Z, ha(Q+d)Z and ha(5+d)Z basis sets.
MP2/ha(X + d)Z MP2/ha(X + d)Z CP
D T Q 5 D T Q 5
R(XHd) 1.347 1.337 1.337 1.337 1.347 1.337 1.337 1.336
R(XHf ) 1.344 1.334 1.333 1.333 1.344 1.334 1.333 1.333
Θ(HXH) 92.8 92.5 92.5 92.5 92.9 92.5 92.5 92.5
R(YH) 1.344 1.334 1.333 1.333 1.344 1.334 1.333 1.333
Θ(HYH) 92.7 92.4 92.4 92.4 92.7 92.4 92.4 92.4
R(X· · ·Y) 4.18 4.11 4.10 4.10 4.26 4.15 4.12 4.11
R(Y· · ·H) 2.84 2.78 2.77 2.77 2.93 2.83 2.79 2.78
Θ(XHd· · ·Y) 174.5 172.5 171.7 171.3 169.9 171.4 171.3 171.2
Θ(X· · ·Y~rbi) 93.7 91.2 90.7 90.6 92.3 91.3 91.0 90.8
CCSD(T)/ha(X + d)Z
D T Q
R(XHd) 1.351 1.341 1.341
R(XHf ) 1.349 1.339 1.338
Θ(HXH) 92.8 92.6 92.6
R(YH) 1.350 1.339 1.339
Θ(HYH) 92.7 92.5 92.5
R(X· · ·Y) 4.25 4.18 4.16
R(Y· · ·H) 2.90 2.85 2.83
Θ(XHd· · ·Y) 174.9 172.2 171.1
Θ(X· · ·Y~rbi) 94.3 91.2 90.4
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TABLE S6. Select MP2 and CCSD(T) optimized intra- and inter- molecular bond lengths (R in Å)
and angles (Θ in degrees) of HOH· · ·SH2 including CP and non-CP corrected optimized geometries
with the ha(D+d)Z, ha(T+d)Z, ha(Q+d)Z and ha(5+d)Z basis sets.
MP2/ha(X + d)Z MP2/ha(X + d)Z CP
D T Q 5 D T Q 5
R(XHd) 0.970 0.966 0.964 0.963 0.969 0.966 0.963 0.963
R(XHf ) 0.965 0.961 0.959 0.958 0.965 0.961 0.959 0.958
Θ(HXH) 104.4 104.3 104.5 104.6 104.4 104.3 104.5 104.6
R(YH) 1.345 1.334 1.334 1.333 1.345 1.334 1.334 1.333
Θ(HYH) 92.7 92.3 92.3 92.3 92.7 92.3 92.3 92.3
R(X· · ·Y) 3.53 3.46 3.46 3.46 3.59 3.50 3.48 3.47
R(Y· · ·H) 2.58 2.52 2.53 2.52 2.64 2.56 2.55 2.54
Θ(XHd· · ·Y) 165.0 164.4 163.2 163.1 164.2 163.2 163.1 163.0
Θ(X· · ·Y~rbi) 83.2 81.5 80.8 80.7 82.8 80.6 80.8 80.8
CCSD(T)/ha(X + d)Z
D T Q
R(XHd) 0.969 0.966 0.963
R(XHf ) 0.966 0.961 0.959
Θ(HXH) 104.4 104.4 104.6
R(YH) 1.350 1.340 1.339
Θ(HYH) 92.7 92.4 92.4
R(X· · ·Y) 3.56 3.49 3.49
R(Y· · ·H) 2.61 2.55 2.55
Θ(XHd· · ·Y) 165.9 165.0 163.5
Θ(X· · ·Y~rbi) 84.1 82.0 81.1
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TABLE S7. Select MP2 and CCSD(T) optimized intra- and inter- molecular bond lengths (R in Å)
and angles (Θ in degrees) of HSH· · ·OH2 including CP and non-CP corrected optimized geometries
with the ha(D+d)Z, ha(T+d)Z, ha(Q+d)Z and ha(5+d)Z basis sets.
MP2/ha(X + d)Z MP2/ha(X + d)Z CP
D T Q 5 D T Q 5
R(XHd) 1.348 1.338 1.338 1.337 1.347 1.338 1.337 1.337
R(XHf ) 1.344 1.333 1.333 1.332 1.344 1.333 1.333 1.332
Θ(HXH) 93.0 92.6 92.6 92.6 93.0 92.6 92.6 92.6
R(YH) 0.966 0.962 0.959 0.959 0.966 0.962 0.959 0.959
Θ(HYH) 104.5 104.5 104.7 104.7 104.5 104.5 104.7 104.7
R(X· · ·Y) 3.58 3.54 3.52 3.52 3.62 3.56 3.54 3.53
R(Y· · ·H) 2.23 2.20 2.19 2.19 2.28 2.23 2.20 2.19
Θ(XHd· · ·Y) 178.1 176.7 176.7 176.6 175.9 176.4 176.5 176.5
Θ(X· · ·Y~rbi) 149.9 154.1 156.3 156.1 151.7 156.8 156.6 156.1
CCSD(T)/ha(X + d)Z
D T Q
R(XHd) 1.352 1.342 1.342
R(XHf ) 1.349 1.339 1.338
Θ(HXH) 93.0 92.7 92.7
R(YH) 0.966 0.962 0.959
Θ(HYH) 104.5 104.5 104.7
R(X· · ·Y) 3.62 3.57 3.56
R(Y· · ·H) 2.27 2.23 2.22
Θ(XHd· · ·Y) 178.0 176.2 176.4




TABLE S8. All MP2 and CCSD(T) dissociation energies (De in kcal mol
−1), including the har-
monic and VPT2 zero-point vibrational corrected dissociation energies (Dharm0 and D
V PT2
0 in kcal
mol−1) of (H2S)2, HOH· · ·SH2, HSH· · ·OH2.
MP2














ha(D+d)Z +1.90 +0.86 +1.06 +3.02 +1.52 +1.69 +2.96 +1.71 +2.04
ha(T+d)Z +1.85 +0.94 +1.09 +3.03 +1.58 +1.73 +2.80 +1.64 +1.87
ha(Q+d)Z +1.88 +0.99 +1.14 +3.02 +1.60 +1.73 +2.81 +1.66 +1.86
ha(5+d)Z +1.89 +1.01 +3.02 +1.62 +2.81 +1.65
ha(6+d)Za +1.90 +3.02 +2.81
CCSD(T)














ha(D+d)Z +1.68 +0.67 +0.83 +2.88 +1.39 +1.58 +2.77 +1.53 +1.85
ha(T+d)Z +1.63 +0.76 +0.84 +2.91 +1.47 +1.54 +2.66 +1.49 +1.60
ha(Q+d)Z +1.66 +0.80 +0.95 +2.91 +1.50 +1.66 +2.68 +1.51 +1.71
ha(5+d)Zb +1.67 +2.91 +2.68
ha(6+d)Zb +1.67 +2.91 +2.68
a Single point energies computed using the MP2/ha(5+d)Z optimized geometries
b Single point energies computed using the CCSD(T)/ha(Q+d)Z optimized geometries
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TABLE S9. All MP2 and CCSD(T) harmonic and anharmonic ZPVE corrections (HARM and
VPT2 in Hartees) of (H2S)2, HOH· · ·SH2, HSH· · ·OH2.
MP2
(H2S)2 HOH· · ·SH2 HSH· · ·OH2
HARM VPT2 HARM VPT2 HARM VPT2
ha(D+d)Z 0.0326 0.0319 0.0393 0.0385 0.0389 0.0378
ha(T+d)Z 0.0324 0.0318 0.0392 0.0385 0.0387 0.0379
ha(Q+d)Z 0.0324 0.0318 0.0392 0.0385 0.0388 0.0380
ha(5+d)Z 0.0324 0.0392 0.0388
CCSD(T)
(H2S)2 HOH· · ·SH2 HSH· · ·OH2
HARM VPT2 HARM VPT2 HARM VPT2
ha(D+d)Z 0.0320 0.0313 0.0389 0.0380 0.0385 0.0374
ha(T+d)Z 0.0317 0.0311 0.0388 0.0381 0.0384 0.0377
ha(Q+d)Z 0.0318 0.0311 0.0389 0.0381 0.0385 0.0377
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IV. DIMER HARMONIC VIBRATIONAL FREQUENCIES
TABLE S10. Harmonic vibrational frequencies (ω in cm−1) of (H2S)2 at various levels of theory.
MP2/ha(X + d)Z MP2/ha(X + d)Z CP CCSD(T)/ha(X + d)Z
D T Q 5 D T Q 5 D T Q
2796 2793 2797 2797 2797 2793 2798 2797 2735 2729 2736
2791 2788 2792 2792 2791 2788 2792 2792 2731 2725 2732
2773 2774 2778 2778 2774 2774 2778 2778 2716 2713 2720
2747 2739 2740 2738 2753 2743 2742 2740 2704 2695 2699
1218 1217 1218 1220 1216 1217 1218 1219 1214 1212 1214
1210 1211 1212 1214 1210 1211 1212 1214 1206 1205 1208
298 279 276 276 259 264 270 273 277 258 256
179 158 157 156 150 149 152 154 167 147 147
93 79 78 77 71 73 75 76 90 74 74
92 73 70 69 66 65 66 67 88 69 67
66 62 61 60 53 57 59 59 62 57 56
42 37 36 35 38 36 35 35 40 35 33
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TABLE S11. Harmonic vibrational frequencies (ω in cm−1) of HOH· · ·SH2 at various levels of
theory.
MP2/ha(X + d)Z MP2/ha(X + d)Z CP CCSD(T)/ha(X + d)Z
D T Q 5 D T Q 5 D T Q
3921 3918 3933 3936 3925 3920 3934 3936 3897 3896 3914
3761 3757 3773 3774 3772 3764 3776 3776 3763 3763 3781
2794 2791 2796 2795 2795 2792 2796 2795 2733 2728 2735
2771 2773 2777 2777 2772 2773 2777 2777 2714 2713 2719
1639 1638 1639 1638 1641 1637 1639 1638 1656 1656 1657
1210 1211 1212 1214 1210 1211 1212 1214 1206 1205 1208
445 438 432 433 417 421 425 428 429 423 417
291 283 279 279 272 273 275 277 281 274 271
127 128 126 126 117 121 123 125 124 124 123
124 118 115 114 114 112 112 112 120 112 108
90 91 87 85 82 84 84 84 88 88 83
69 63 59 59 60 57 57 58 67 64 61
S10
215
TABLE S12. Harmonic vibrational frequencies (ω in cm−1) of HSH· · ·OH2 at various levels of
theory.
MP2/ha(X + d)Z MP2/ha(X + d)Z CP CCSD(T)/ha(X + d)Z
D T Q 5 D T Q 5 D T Q
3945 3944 3959 3962 3959 3945 3959 3963 3918 3920 3938
3812 3818 3834 3836 3834 3819 3834 3836 3801 3810 3828
2792 2790 2794 2794 2795 2790 2795 2794 2732 2726 2733
2743 2740 2740 2738 2741 2743 2741 2739 2704 2697 2700
1632 1628 1631 1630 1632 1629 1632 1631 1649 1646 1649
1221 1220 1221 1222 1220 1219 1220 1222 1217 1215 1218
369 359 361 361 354 346 354 358 349 345 347
158 146 145 145 141 137 141 143 151 145 143
109 106 107 107 105 102 105 106 105 103 105
107 101 100 100 99 98 99 100 104 99 97
97 86 85 87 86 84 86 87 94 88 86




TABLE S13. MP2 electronic binding energies and thermochemical quantities (Ebind, ∆H, T∆S,
and ∆G in kcal mol−1) of (H2S)2, HOH· · ·SH2, and HSH· · ·OH2.
H2S Dimer
ha(D+d)Z ha(T+d)Z ha(Q+d)Z ha(5+d)Z ha(6+d)Za
Ebind −1.90 −1.85 −1.88 −1.89 −1.90
∆H −0.61 −0.61 −0.64 −0.66 −0.67
T∆S −4.37 −3.92 −3.85 −3.82 −3.82
∆H−T∆S +3.76 +3.32 +3.21 +3.16 +3.16
∆G +3.76 +3.31 +3.21 +3.16 +3.16
HOH· · ·SH2
ha(D+d)Z ha(T+d)Z ha(Q+d)Z ha(5+d)Z ha(6+d)Za
Ebind −3.02 −3.03 −3.02 −3.02 −3.02
∆H −1.62 −1.65 −1.65 −1.66 −1.66
T∆S −5.17 −5.08 −4.98 −4.96 −4.96
∆H−T∆S +3.55 +3.42 +3.33 +3.30 +3.30
∆G +3.55 +3.42 +3.33 +3.30 +3.30
HSH· · ·OH2
ha(D+d)Z ha(T+d)Z ha(Q+d)Z ha(5+d)Z ha(6+d)Za
Ebind −2.96 −2.80 −2.81 −2.81 −2.81
∆H −1.62 −1.49 −1.50 −1.50 −1.51
T∆S −4.79 −4.50 −4.49 −4.50 −4.50
∆H−T∆S +3.17 +3.01 +2.98 +3.00 +3.00
∆G +3.16 +3.01 +2.98 +3.00 +3.00
a Computed using the thermochemical corrections from MP2/ha(5+d)Z harmonic frequency computation
VI. DIMER VPT2 FREQUENCIES
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TABLE S14: MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z
VPT2 vibrational frequencies (ν in cm−1) and
CCSD(T)/ha(Q+d)Z IR intensities (I in km mol−1) of
(H2S)2.
MP2/ha(Q+d)Z CCSD(T)/ha(Q+d)Z
Mode ν ν I
ν12 24.79 29.25 15.42
ν8 38.05 39.29 8.26
ν11 39.77 47.50 5.04
ν7 48.81 54.34 21.09
2ν12 42.65 57.76 0.57
ν12+ν8 60.95 65.81 0.02
ν12+ν11 50.45 66.89 0.93
2ν8 68.56 70.51 0.17
2ν11 63.86 71.23 1.48
ν11+ν8 75.95 86.45 0.24
ν8+ν7 78.11 90.27 0.60
ν12+ν7 71.41 90.81 0.01
ν11+ν7 77.07 91.40 0.41
2ν7 88.22 100.07 0.35
ν6 123.42 135.40 2.82
ν8+ν6 147.78 169.97 0.83
ν12+ν6 136.41 172.71 0.45
ν7+ν6 156.11 181.51 1.09
ν10 215.29 190.88 5.00
ν12+ν10 191.26 211.47 0.26
ν11+ν6 146.04 217.42 0.87
ν10+ν8 217.10 220.17 0.01
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ν11+ν10 218.35 227.73 1.47
ν10+ν7 227.93 233.62 0.13
2ν6 207.30 247.01 1.26
ν10+ν6 275.65 311.09 0.00
2ν10 333.07 334.85 3.36
ν5 1186.91 1179.53 0.42
ν4 1186.56 1179.82 1.29
ν12+ν5 1212.80 1209.60 0.02
ν12+ν4 1213.38 1209.90 0.37
ν8+ν4 1222.08 1216.37 0.53
ν8+ν5 1225.05 1219.15 0.29
ν11+ν4 1224.11 1226.66 0.07
ν11+ν5 1227.47 1226.90 0.01
ν7+ν4 1234.11 1233.10 0.39
ν7+ν5 1235.57 1233.88 0.28
ν6+ν4 1296.58 1308.92 1.59
ν6+ν5 1305.20 1316.57 0.03
ν10+ν5 1378.77 1371.01 0.01
ν10+ν4 1379.51 1371.45 0.02
2ν4 2364.58 2350.70 0.23
2ν5 2365.95 2350.72 0.03
ν5+ν4 2370.38 2357.38 0.06
ν3 2662.73 2605.87 33.06
ν2 2682.37 2609.86 1.31
ν1 2695.73 2620.64 3.91
ν9 2697.32 2622.76 1.95
ν12+ν3 2690.45 2636.05 0.01
ν12+ν2 2715.38 2638.67 0.01
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ν12+ν1 2723.10 2648.57 0.19
ν8+ν2 2720.22 2648.84 0.01
ν8+ν3 2707.94 2649.98 0.09
ν12+ν9 2721.52 2651.15 0.11
ν11+ν2 2717.51 2657.21 0.00
ν11+ν3 2710.17 2659.07 0.00
ν8+ν1 2734.05 2660.38 0.02
ν9+ν8 2735.35 2661.70 0.00
ν7+ν2 2731.25 2664.35 0.01
ν7+ν3 2718.03 2664.80 1.15
ν11+ν1 2737.04 2668.49 0.00
ν11+ν9 2737.11 2670.32 0.07
ν7+ν1 2744.47 2674.96 0.04
ν9+ν7 2746.39 2677.23 0.01
ν6+ν2 2799.01 2745.18 0.00
ν6+ν3 2797.67 2754.56 0.07
ν6+ν1 2812.62 2756.38 0.01
ν9+ν6 2814.09 2758.00 0.00
ν10+ν2 2873.71 2800.40 0.01
ν10+ν3 2875.10 2811.21 0.07
ν10+ν1 2887.91 2812.64 0.00
ν10+ν9 2888.42 2813.34 0.01
ν4+ν3 3835.24 3771.14 0.69
ν5+ν2 3855.06 3774.19 0.44
ν4+ν1 3866.03 3782.37 1.15
ν9+ν5 3866.29 3782.78 0.86
ν5+ν3 3847.96 3784.42 0.09
ν4+ν2 3867.47 3788.66 0.06
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ν5+ν1 3881.04 3799.06 0.11
ν9+ν4 3882.10 3801.36 0.08
2ν3 5231.89 5123.62 0.84
ν9+ν2 5291.43 5138.30 0.05
2ν1 5308.51 5156.89 0.03
2ν2 5319.70 5171.94 0.04
2ν9 5349.06 5196.68 0.01
ν3+ν1 5344.06 5202.89 0.15
ν3+ν2 5344.18 5214.62 0.01
ν9+ν3 5359.44 5228.03 0.01
ν2+ν1 5377.90 5230.17 0.00
ν9+ν1 5393.00 5243.34 0.00
TABLE S15: MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z
VPT2 vibrational frequencies (ν in cm−1) and
CCSD(T)/ha(Q+d)Z IR intensities (I in km mol−1) of
HOH· · ·SH2.
MP2/ha(Q+d)Z CCSD(T)/ha(Q+d)Z
Mode ν ν I
ν12 33.14 47.47 86.60
ν8 71.90 65.48 54.18
ν11 100.17 85.90 5.94
2ν12 50.29 86.56 8.97
ν7 100.96 97.75 53.54
ν12+ν8 109.87 115.83 2.56
ν12+ν11 107.64 116.59 9.60
2ν8 136.48 123.31 0.42
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ν12+ν7 131.08 143.53 0.08
ν11+ν8 165.19 146.30 0.12
ν8+ν7 165.77 157.74 0.68
2ν11 194.43 167.61 0.93
ν11+ν7 193.16 176.21 0.11
2ν7 192.79 186.51 0.09
ν6 248.59 244.01 21.90
ν8+ν6 299.76 309.11 5.34
ν11+ν6 314.22 312.15 1.26
ν12+ν6 237.45 312.59 2.06
ν7+ν6 319.15 330.13 1.26
ν10 363.35 349.10 55.26
ν12+ν10 317.51 378.41 11.04
ν10+ν8 380.64 398.25 0.03
ν10+ν7 410.97 432.19 1.42
ν11+ν10 410.34 438.24 6.54
2ν6 429.21 457.90 1.70
ν10+ν6 518.83 595.68 0.09
ν10 363.35 636.71 55.26
ν5 1188.56 1179.96 0.17
ν12+ν5 1224.24 1226.99 0.01
ν8+ν5 1260.55 1246.26 0.09
ν11+ν5 1293.26 1266.77 0.00
ν7+ν5 1289.95 1278.27 0.09
ν6+ν5 1420.50 1425.94 0.09
ν10+ν5 1514.97 1529.85 0.00
ν4 1577.54 1602.13 38.46
ν12+ν4 1595.46 1649.79 5.75
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ν8+ν4 1646.09 1664.19 6.42
ν11+ν4 1680.75 1688.51 0.00
ν7+ν4 1678.17 1699.68 2.58
ν6+ν4 1800.49 1839.58 10.21
ν10+ν4 1909.25 1957.13 0.47
2ν5 2367.68 2350.56 0.05
ν3 2675.66 2608.25 2.40
ν9 2699.90 2621.25 2.96
ν12+ν3 2688.67 2655.15 0.04
ν12+ν9 2732.69 2668.09 0.20
ν8+ν3 2747.08 2673.25 0.07
ν9+ν8 2778.27 2685.96 0.00
ν11+ν3 2788.93 2693.50 0.02
ν7+ν3 2776.43 2705.92 0.05
ν11+ν9 2799.55 2706.64 0.11
ν9+ν7 2805.54 2718.83 0.01
ν5+ν4 2766.11 2782.09 0.00
ν6+ν3 2905.59 2852.03 0.00
ν9+ν6 2932.08 2865.06 0.00
ν10+ν3 3001.37 2956.31 0.03
ν10+ν9 3024.65 2969.34 0.02
2ν4 3120.25 3168.59 2.50
ν2 3619.07 3621.25 106.39
ν12+ν2 3647.99 3671.40 0.07
ν8+ν2 3699.64 3693.20 0.18
ν11+ν2 3737.80 3713.11 0.05
ν7+ν2 3726.41 3722.74 9.32
ν1 3777.68 3730.90 111.81
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ν5+ν3 3848.55 3772.02 0.56
ν12+ν1 3858.48 3779.49 2.39
ν9+ν5 3865.37 3780.48 1.12
ν8+ν1 3851.44 3798.21 0.69
ν11+ν1 3878.90 3817.39 1.93
ν7+ν1 3881.14 3831.55 0.20
ν6+ν2 3868.48 3880.60 0.03
ν6+ν1 4009.57 3976.49 0.60
ν10+ν2 3971.65 3989.88 0.05
ν10+ν1 4108.34 4085.11 0.17
ν4+ν3 4253.17 4210.36 0.00
ν9+ν4 4277.40 4223.33 0.00
ν5+ν2 4807.52 4801.07 0.00
ν5+ν1 4966.22 4910.86 0.00
ν9+ν3 5287.02 5134.94 0.05
2ν3 5306.10 5168.45 0.04
2ν9 5354.23 5193.81 0.01
ν4+ν2 5179.78 5208.07 3.28
ν4+ν1 5336.11 5314.18 7.99
ν3+ν2 6294.38 6229.27 0.02
ν9+ν2 6318.60 6242.41 0.02
ν3+ν1 6453.26 6339.09 0.00
ν9+ν1 6477.49 6352.84 0.01
2ν2 7106.73 7119.54 0.10
ν2+ν1 7294.31 7239.96 0.99
2ν1 7430.98 7337.39 0.76
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TABLE S16: MP2/ha(Q+d)Z and CCSD(T)/ha(Q+d)Z
VPT2 vibrational frequencies (ν in cm−1) and
CCSD(T)/ha(Q+d)Z IR intensities (I in km mol−1) of
HSH· · ·OH2.
MP2/ha(Q+d)Z CCSD(T)/ha(Q+d)Z
Mode ν ν I
ν6 74.33 4.32 45.61
ν11+ν8 31.53 49.33 2.75
ν11 60.12 57.79 22.65
ν12 49.60 58.43 11.41
ν11+ν6 146.02 65.51 0.21
ν12+ν8 44.82 75.51 2.27
ν7 83.01 77.44 76.14
ν8+ν7 73.21 80.14 1.47
ν12+ν6 110.29 88.54 0.96
ν7+ν6 155.23 97.80 0.31
ν11 60.12 107.41 22.65
ν12 49.60 108.05 11.41
ν12+ν11 128.18 119.57 3.75
ν12+ν7 119.58 129.47 0.25
ν11+ν7 138.53 130.09 0.00
ν7 83.01 148.05 76.14
ν10+ν8 241.02 226.71 0.11
ν10+ν6 316.77 237.71 0.03
ν10 266.88 241.33 32.08
ν11+ν10 297.73 268.85 0.20
ν12+ν10 311.67 294.88 0.02
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ν10+ν7 338.55 305.48 0.67
ν10 266.88 418.07 32.08
ν5 1190.19 1178.50 1.30
ν8+ν5 1179.34 1183.13 0.30
ν6+ν5 1258.19 1199.54 1.74
ν12+ν5 1238.80 1236.64 0.00
ν11+ν5 1253.82 1238.57 0.08
ν7+ν5 1272.53 1254.99 0.01
ν10+ν5 1458.65 1420.19 0.08
ν4 1581.81 1597.74 72.99
ν8+ν4 1575.02 1608.63 15.51
ν6+ν4 1659.89 1629.66 0.51
ν12+ν4 1630.75 1656.23 11.61
ν11+ν4 1641.74 1656.49 0.05
ν7+ν4 1665.05 1675.41 0.22
ν10+ν4 1850.53 1840.65 0.49
ν5 1190.19 2347.47 1.30
ν3 2663.62 2608.41 54.52
ν2 2695.94 2615.16 3.84
ν8+ν2 2686.58 2623.94 0.01
ν8+ν3 2662.48 2625.44 0.42
ν6+ν2 2773.41 2646.43 0.06
ν6+ν3 2762.37 2657.37 0.02
ν11+ν3 2724.33 2668.80 0.00
ν12+ν3 2721.88 2669.62 0.13
ν11+ν2 2757.05 2672.99 0.00
ν12+ν2 2744.91 2673.30 0.00
ν7+ν3 2748.35 2687.33 4.16
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ν7+ν2 2778.92 2692.66 0.10
ν5+ν4 2772.00 2776.25 0.00
ν10+ν2 2963.64 2857.99 0.00
ν10+ν3 2957.93 2868.57 0.00
ν4+ν0 1581.81 3162.63 72.99
ν1 3665.70 3637.18 8.45
ν8+ν1 3657.51 3646.86 2.22
ν6+ν1 3744.61 3670.76 0.05
ν12+ν1 3725.90 3693.72 1.08
ν11+ν1 3721.73 3695.13 0.00
ν7+ν1 3748.94 3714.98 0.02
ν9 3769.46 3734.10 72.40
ν9+ν8 3748.88 3744.00 0.20
ν9+ν6 3848.16 3768.30 0.03
ν5+ν3 3838.89 3772.94 0.77
ν5+ν2 3868.52 3774.96 1.06
ν12+ν9 3817.80 3790.83 8.55
ν11+ν9 3829.75 3792.31 6.49
ν9+ν7 3852.50 3812.02 0.00
ν10+ν1 3933.16 3879.05 0.01
ν10+ν9 4036.47 3975.83 0.38
ν4+ν3 4244.57 4205.55 0.06
ν4+ν2 4277.69 4212.82 0.00
ν5+ν1 4855.82 4815.72 0.00
ν9+ν5 4959.63 4912.69 0.00
ν3 2663.62 5130.46 54.52
ν2 2695.94 5147.21 3.84
ν3+ν2 5347.02 5193.47 0.13
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ν4+ν1 5230.10 5218.90 0.12
ν9+ν4 5331.69 5311.04 5.12
ν3+ν1 6327.77 6244.45 0.03
ν2+ν1 6361.57 6252.25 0.00
ν9+ν3 6431.71 6341.47 0.01
ν9+ν2 6465.36 6349.20 0.00
ν1 3665.70 7190.06 8.45
ν9+ν1 7276.09 7208.80 2.27




TABLE S17. Cartesian coordinates of H2S at the MP2/ha(Q+d)Z level of theory.
S 0.000000 0.000000 0.000000
H 0.000000 0.000000 1.332818
H 1.331792 0.000000 −0.052285
TABLE S18. Cartesian coordinates of H2S at the CCSD(T)/ha(Q+d)Z level of theory.
S 0.00000000 0.00000000 0.10383165
H 0.00000000 −1.82490967 −1.64696887
H 0.00000000 1.82490967 −1.64696887
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TABLE S19. Cartesian coordinates of (H2S)2 at the MP2/ha(Q+d)Z level of theory.
H 0.000000 0.000000 1.332878
S 0.000000 0.000000 0.000000
H 1.335560 0.000000 −0.057267
S 4.061428 0.000000 −0.576830
H 3.943299 0.962073 −1.492395
H 3.943299 −0.962073 −1.492395
TABLE S20. Cartesian coordinates of (H2S)2 at the CCSD(T)/ha(Q+d)Z level of theory.
H −2.3313770936 −1.2724654482 0.0000000000
S −2.0987784147 0.0454790770 0.0000000000
H −0.7689443571 −0.1276226205 0.0000000000
S 2.0644877421 −0.0561484908 0.0000000000
H 2.0940765059 0.8692812988 0.9668894589
H 2.0940765059 0.8692812988 −0.9668894589
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TABLE S21. Cartesian coordinates of HOH· · ·SH2 at the MP2/ha(Q+d)Z level of theory.
O −0.027282 2.233466 0.000000
H −0.883896 2.663746 0.000000
H −0.230580 1.291503 0.000000
S −0.027282 −1.228804 0.000000
H 0.884628 −1.081054 0.961844
H 0.884628 −1.081054 −0.961844
TABLE S22. Cartesian coordinates of HOH· · ·SH2 at the CCSD(T)/ha(Q+d)Z level of theory.
O −4.31361550 0.11361342 0.00000000
H −5.17596557 −1.47965831 0.00000000
H −2.54705029 −0.32225839 0.00000000
S 2.27170814 −0.10308512 0.00000000
H 2.05796983 1.63452209 1.82690920
H 2.05796983 1.63452209 −1.82690920
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TABLE S23. Cartesian coordinates of HSH· · ·OH2 at the MP2/ha(Q+d)Z level of theory.
S −0.032338 −1.340886 0.000000
H 1.295786 −1.449256 0.000000
H 0.015504 −0.004224 0.000000
O −0.032338 2.183377 0.000000
H −0.267588 2.720325 0.759384
H −0.267588 2.720325 −0.759384
TABLE S24. Cartesian coordinates of HSH· · ·OH2 at the CCSD(T)/ha(Q+d)Z level of theory.
S −2.41046287 0.08519391 0.00000000
H −2.68733861 −2.42822416 0.00000000
H 0.12016182 −0.07126950 0.00000000
O 4.31305636 −0.06903895 0.00000000
H 5.29247923 0.44625728 1.43568283
H 5.29247923 0.44625728 −1.43568283
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I. GEOMETRICAL PARAMETERS
TABLE S1: Select CCSD(T)/ha(Q+d)Z intramolecular bond lengths (R in Å) and angles
(Θ in degrees) of the (H2S)2 structures.
R(S2H1) R(S2H3) Θ(H1S2H3) R(S4H5) R(S4H6) Θ(H5S2H6)
I 1.338 1.341 92.6 1.339 1.339 92.5
II 1.338 1.341 92.5 1.339 1.339 92.5
III 1.338 1.341 92.6 1.339 1.339 92.4
IV 1.338 1.339 92.6 1.339 1.338 92.6
V 1.339 1.339 92.5 1.339 1.339 92.5
VI 1.339 1.339 92.1 1.338 1.338 92.6
VII 1.338 1.338 92.7 1.338 1.338 92.7
VIII 1.338 1.339 92.4 1.338 1.338 92.8
IX 1.338 1.338 92.1 1.338 1.338 92.6
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II. HARMONIC VIBRATIONAL FREQUENCIES
TABLE S2: Number of imaginary frequencies (ni) of the (H2S)2 structures.
I II III IV V VI VII VIII IX
MP2/ha(D+d)Z 0 0 1 1 1 2 2 2 3
MP2/ha(T+d)Z 0 0 1 1 1 2 2 2 3
MP2/ha(Q+d)Z 0 0 1 1 1 2 2 2 3
MP2/ha(5+d)Z 0 0 1 1 1 2 2 2 3
CCSD(T)/ha(D+d)Z 0 0 1 1 1 2 2 2 3
CCSD(T)/ha(T+d)Z 0 0 1 1 1 2 2 2 3
CCSD(T)/ha(Q+d)Z 0 0 1 1 1 2 2 2 3
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TABLE S3: Harmonic vibrational frequencies of H2S at the MP2/ha(Q+d)Z level of
theory.




TABLE S4: Harmonic vibrational frequencies of I at the MP2/ha(Q+d)Z level of theory.














TABLE S5: Harmonic vibrational frequencies of II at the MP2/ha(Q+d)Z level of theory.














TABLE S6: Harmonic vibrational frequencies of III at the MP2/ha(Q+d)Z level of theory.














TABLE S7: Harmonic vibrational frequencies of IV at the MP2/ha(Q+d)Z level of theory.














TABLE S8: Harmonic vibrational frequencies of V at the MP2/ha(Q+d)Z level of theory.














TABLE S9: Harmonic vibrational frequencies of VI at the MP2/ha(Q+d)Z level of theory.














TABLE S10: Harmonic vibrational frequencies of VII at the MP2/ha(Q+d)Z level of
theory.














TABLE S11: Harmonic vibrational frequencies of VIII at the MP2/ha(Q+d)Z level of
theory.














TABLE S12: Harmonic vibrational frequencies of IX at the MP2/ha(Q+d)Z level of theory.














TABLE S13: Harmonic vibrational frequencies of H2S at the CCSD(T)/ha(Q+d)Z level of
theory.




TABLE S14: Harmonic vibrational frequencies of I at the CCSD(T)/ha(Q+d)Z level of
theory.














TABLE S15: Harmonic vibrational frequencies of II at the CCSD(T)/ha(Q+d)Z level of
theory.














TABLE S16: Harmonic vibrational frequencies of III at the CCSD(T)/ha(Q+d)Z level of
theory.
Irrep. Frequency (cm−1) IR Intensity (km mol−1)
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TABLE S17: Harmonic vibrational frequencies of IV at the CCSD(T)/ha(Q+d)Z level of
theory.














TABLE S18: Harmonic vibrational frequencies of V at the CCSD(T)/ha(Q+d)Z level of
theory.
Irrep. Frequency (cm−1) IR Intensity (km mol−1)
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TABLE S19: Harmonic vibrational frequencies of VI at the CCSD(T)/ha(Q+d)Z level of
theory.














TABLE S20: Harmonic vibrational frequencies of VII at the CCSD(T)/ha(Q+d)Z level of
theory.














TABLE S21: Harmonic vibrational frequencies of VIII at the CCSD(T)/ha(Q+d)Z level of
theory.














TABLE S22: Harmonic vibrational frequencies of IX at the CCSD(T)/ha(Q+d)Z level of
theory.















TABLE S23: Cartesian coordinates of H2S at the MP2/ha(Q+d)Z level of theory.
S 0.000000 0.000000 0.000000
H 0.000000 0.000000 1.332818
H 1.331792 0.000000 −0.052285
TABLE S24: Cartesian coordinates of I at the MP2/ha(Q+d)Z level of theory.
H 0.000000 0.000000 1.332878
S 0.000000 0.000000 0.000000
H 1.335560 0.000000 −0.057267
S 4.061428 0.000000 −0.576830
H 3.943299 0.962073 −1.492395
H 3.943299 −0.962073 −1.492395
TABLE S25: Cartesian coordinates of II at the MP2/ha(Q+d)Z level of theory.
S −2.124635 −0.071304 0.000000
H −2.209644 1.258873 0.000000
H −0.788183 −0.042118 0.000000
S 1.986718 −0.038040 0.000000
H 2.119796 0.875333 −0.962132
H 2.119796 0.875333 0.962132
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TABLE S26: Cartesian coordinates of III at the MP2/ha(Q+d)Z level of theory.
S −2.086269 −0.079267 0.002559
S 2.024038 −0.024778 −0.095325
H −2.247900 1.242460 0.061688
H −0.767122 0.032862 −0.182260
H 2.109673 1.123165 0.577492
H 1.901048 −0.733760 1.027339
TABLE S27: Cartesian coordinates of IV at the MP2/ha(Q+d)Z level of theory.
S 2.011866 0.000000 0.000000
S −2.011866 0.000000 0.000000
H 1.005124 −0.875522 0.000000
H −1.005124 0.875522 0.000000
H 2.302233 −0.246454 1.277539
H −2.302233 0.246454 −1.277539
TABLE S28: Cartesian coordinates of V at the MP2/ha(Q+d)Z level of theory.
S 0.000000 2.029413 −0.073958
S 0.000000 −2.029413 −0.073958
H 0.000000 2.100183 1.257286
H 0.000000 −2.100183 1.257286
H 0.850496 1.001217 −0.073958
H −0.850496 −1.001217 −0.073958
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TABLE S29: Cartesian coordinates of VI at the MP2/ha(Q+d)Z level of theory.
H 0.958180 −1.137200 0.000000
S 0.000000 −2.064288 0.000000
H −0.958180 −1.137200 0.000000
S 0.000000 1.858865 0.000000
H 0.000000 2.780590 −0.963040
H 0.000000 2.780590 0.963040
TABLE S30: Cartesian coordinates of VII at the MP2/ha(Q+d)Z level of theory.
S 0.000000 1.779604 0.000000
S 0.000000 −1.779604 0.000000
H 1.287279 1.434406 0.000000
H −1.287279 −1.434406 0.000000
H 0.285550 3.081830 0.000000
H −0.285550 −3.081830 0.000000
TABLE S31: Cartesian coordinates of VIII at the MP2/ha(Q+d)Z level of theory.
S 0.033178 −2.197969 0.000000
H −1.278160 −2.436421 0.000000
H −0.152183 −0.877066 0.000000
S 0.033178 2.037024 0.000000
H −0.766903 3.102788 0.000000
H 1.135555 2.785808 0.000000
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TABLE S32: Cartesian coordinates of IX at the MP2/ha(Q+d)Z level of theory.
H 0.000000 0.957847 1.249925
S 0.000000 0.000000 2.176676
H 0.000000 −0.957847 1.249925
S 0.000000 0.000000 −1.971223
H 0.000000 0.962289 −2.893553
H 0.000000 −0.962289 −2.893553
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TABLE S33: Cartesian coordinates of H2S at the CCSD(T)/ha(Q+d)Z level of theory.
S 0.00000000 0.00000000 0.10383165
H 0.00000000 −1.82490967 −1.64696887
H 0.00000000 1.82490967 −1.64696887
TABLE S34: Cartesian coordinates of I at the CCSD(T)/ha(Q+d)Z level of theory.
H −2.3313770936 −1.2724654482 0.0000000000
S −2.0987784147 0.0454790770 0.0000000000
H −0.7689443571 −0.1276226205 0.0000000000
S 2.0644877421 −0.0561484908 0.0000000000
H 2.0940765059 0.8692812988 0.9668894589
H 2.0940765059 0.8692812988 −0.9668894589
TABLE S35: Cartesian coordinates of II at the CCSD(T)/ha(Q+d)Z level of theory.
H −2.1768806265 1.2978253717 0.0000000000
S −2.1116792630 −0.0389607304 0.0000000000
H −0.7706725864 −0.0332248622 0.0000000000
S 2.0652660929 −0.0550766318 0.0000000000
H 2.2099783803 0.8593123622 −0.9669517483
H 2.2099783803 0.8593123622 0.9669517483
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TABLE S36: Cartesian coordinates of III at the CCSD(T)/ha(Q+d)Z level of theory.
S −4.000600542299 −0.148575994469 0.003054100322
S 3.881253792107 −0.068488759440 −0.172925190582
H −4.285362937134 2.359786799385 0.156228533139
H −1.503042347497 0.043840973645 −0.380602978297
H 4.085679793338 2.235516014474 0.851604459417
H 3.612273494365 −1.166107724966 2.090707429906
TABLE S37: Cartesian coordinates of IV at the CCSD(T)/ha(Q+d)Z level of theory.
H 2.3299306036 −1.2498642472 0.1513285213
S 2.0374587619 0.0484122693 0.0080871349
H 1.0369204852 −0.2093487172 −0.8441388089
S −2.0374587460 −0.0484122693 −0.0080871507
H −1.0369204693 0.2093487172 0.8441387931
H −2.3299310216 1.2498642101 −0.1513280185
TABLE S38: Cartesian coordinates of V at the CCSD(T)/ha(Q+d)Z level of theory.
TABLE S39: Cartesian coordinates of VI at the CCSD(T)/ha(Q+d)Z level of theory.
H −0.9636344158 −1.1148677910 0.0000000000
S 0.0000002170 −2.0439129035 0.0000000000
H 0.9636277852 −1.1148604724 0.0000000000
S −0.0000000053 1.9340043684 0.0000000000
H −0.0000000529 2.8582240674 0.9678961656
H −0.0000000529 2.8582240674 −0.9678961656
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TABLE S40: Cartesian coordinates of VII at the CCSD(T)/ha(Q+d)Z level of theory.
H 3.1326505799 −0.2355338396 0.0000000000
S 1.8240172294 0.0447301643 0.0000000000
H 1.4816877502 −1.2488849095 0.0000000000
S −1.8240172294 −0.0447301643 0.0000000000
H −1.4816877502 1.2488849095 0.0000000000
H −3.1326505799 0.2355338396 0.0000000000
TABLE S41: Cartesian coordinates of VIII at the CCSD(T)/ha(Q+d)Z level of theory.
H 2.4049117070 1.2782977960 0.0000000000
S 2.2001905334 −0.0442432683 0.0000000000
H 0.8695470093 0.1040735520 0.0000000000
S −2.1124280964 0.0067417283 0.0000000000
H −3.1375671336 0.8665005625 0.0000000000
H −2.9210522775 −1.0591794250 0.0000000000
TABLE S42: Cartesian coordinates of IX at the CCSD(T)/ha(Q+d)Z level of theory.
H 0.9632513550 0.0000000000 −1.2297896504
S 0.0000000000 0.0000000000 −2.1586835081
H −0.9632513550 0.0000000000 −1.2297896504
S 0.0000000000 0.0000000000 2.0487468738
H −0.9671908412 0.0000000000 2.9735951718
H 0.9671908412 0.0000000000 2.9735951718
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